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Chapter Introduction
In
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ct
io
n Total hip replacem ent (THR) is a very successful surgical technique tha t has become 
a well established procedure in current orthopaedics. Patients w ith degenerative hip 
jo in t diseases, persistent thigh pain and fractures o f the fem oral neck, can effectively 
be trea ted  w ith  an a rtif ic ia l hip jo in t recons truc tion . A p p rox im a te ly  16,000 THR 
o p e ra tio n s  a re  p e rfo rm e d  on a y e a r ly  ba s is  w ith in  th e  N e th e rla n d s  a lo n e .49 
W orldw ide, th is  num ber exceeds 1 m illion, and is still increasing. The success of 
THR is reflected in the Swedish Hip Register, a la rge-scale m ulti-center database 
from  Sw eden, reporting  an ove ra ll rev is ion  rate o f on ly  5 .2%  at ten  yea rs  a fte r 
surgery w ith in a population o f a lm ost 100,000 pa tien ts .16,38 Not on ly the low revision 
rates, but a lso the  high leve ls  o f pa tien t sa tis fac tion  a fte r su rge ry  m ake TH R  a 
successfu l surg ica l procedure. Generally, THR leads to im m ediate pain re lie f and 
increased freedom  o f m ovem ent in the hip jo int. Patients experience a substantia l 
im provem ent in the qua lity  o f life, and need less support to carry out th e ir  da ily 
activ ities. However, desp ite  the success o f THR, the re  are still cha llenges to be 
faced, particu larly w here younger patients are concerned. S tim ulated by the high 
success rates, the incidence o f THR is increasing rapidly. Younger, and m ore active 
patients are treated. For these patients the clinical outcom es are considerably worse 
than the overall results o f THR suggest.285255 The Swedish Hip R egister reports an 
average revision rate o f 13% after ten years, fo r patients younger than 55 years of 
age.38 Furthermore, the quality of revision THR becom es an im portant issue for these 
young patients, w ho are m ore likely to require a revision operation. A t present, the 
failure rate o f revision THR as reported by the Swedish Hip Register is approxim ately 
20%  after 10 years, which is much worse than tha t o f prim ary T H R .37
In th e  1960 's  S ir John  C h a rn le y  in tro du ced  
th e  te c h n iq u e  o f c e m e n te d  T H R  in c lin ic a l 
orthopaedics, fixating a THR prosthesis into the 
host bone by m eans o f a c ry lic  bone cem ent 
(F ig  1.1). Bone cem e n t is a tw o  com p on en t 
material: a solid com ponent contain ing mainly 
po lym ethylm ethacryla te (PM M A) powder, and a 
fluid com ponent contain ing m onom ethylm etha- 
c ry la te  (M M A). W hen these  tw o  com ponents  
are m ixed, the m ixture rem ains v iscous, until 
after a few  m inutes the cem ent polym erizes and 
becom es solid. During the surg ica l procedure 
o f cem ented THR, the fem oral head is resected 
and the fem oral canal is reamed. A  cem ent gun 
is used to in ject the v iscous bone cem ent into 
the cavity in a retrogade fashion. A  metal stem 
is in troduced into the cavity and held in place 
until the cem ent po lym erizes, thus fixating the 
stem. In turn, the acetabu lum  is ream ed w ith a 
sph e rica l rasp. The ca v ity  is then  filled  w ith
F ig 1.1. Schematical representation 
of a cemented THR reconstruction.
viscous bone cem ent and a cup (usually made from  polye thylene) is placed in the 
ace tabu lum , fixa ted  by bone cem ent. The cup and stem  are ready to a rticu la te  
against each other, restoring the load bearing capacity o f the hip jo in t and allow ing 
pain free m ovem ent. Currently, the conventional cem ented technique is em ployed 
in more than 90% o f all THR operations perform ed.38 A lthough during the last decade 
the em phas is  o f im p lan t research has g ra du a lly  sh ifted  tow a rds  non-cem ented 
m eans o f im plant fixation, conventional cem ented THR still produces clin ical results 
th a t ou trun  tho se  o f a ll no n -ce m en te d  a lte rn a tiv e s .38 The p re sen t d isse rta tio n  
focuses on the fem ora l part o f cem ented THR reconstructions only.
The clin ical ou tcom es o f cem ented THR have im proved considerab ly over the 
pas t decades. A  la rge  n u m be r o f c lin ica l, re tr ie va l, an im a l, e xp e rim e n ta l and 
a n a ly tic a l s tud ies  w e re  d e d ica ted  to  im p rov in g  the  resu lts  o f cem e n ted  THR, 
p rim arily  by enhanc ing  the  surg ica l techn ique  and try ing  to unrave l the  re lation 
between design factors and fa ilure o f the reconstruction. The biggest achievem ents 
are probably in the im provem ent o f cem enting techniques, enhancing the quality and 
m echan ical strength o f the cem ent m antle and its in terfaces w ith the im plant and 
the bone bed.30 A m ongst these im provem ents were the use o f distal cem ent plugs, 
pulsatile lavage, pressurization, retrogade filling and new m ixing procedures. These 
te c h n iq u e s  have  red uce d  th e  fa ilu re  ra tes  o f c e m e n te d  re c o n s tru c tio n s  
considerab ly.38,45 However, in sharp contrast w ith the im proved surg ica l techniques, 
the huge research efforts have not lead to a m arked evolution in the design o f the 
im plant itself. The optim al im plant design rem ains a controversia l issue,1431 and in 
tha t respect the innovation process in cem ented THR has been unsuccessfu l. This 
is partly due to the tria l-and -e rro r culture in orthopaedics, reflected in the fact that 
m ost lessons about adverse design aspects were learned from  clin ical 'd isasters', 
brought to light by long-term  fo llow -up stud ies involving large groups o f pa tien ts.11,63 
A n o th e r cause fo r fa ilu re  o f the  innova tion  process is tha t the  design goa ls fo r 
cem ented im plants can be incom patib le .20 In the past, a num ber o f design features 
tha t were applied to prevent a certain failure mechanism, unexpectedly evoked other 
fa ilure m echanism s. No studies were perform ed to system atica lly c lassify the failure 
m echan ism s o f cem ented THR until the 1990's. As a result, the relation between 
design aspects and fa ilure o f the reconstruction could not be established.
Over the last decade, the understanding o f failure m echanism s that lead to gross 
loosening o f the im plant has grown substantia lly. The m ajor reason fo r revision of 
cem ented THR com ponents is aseptic loosening. Radiographs o f patients requiring 
rev is ion  due to  asep tic  loosen ing o ften show  da rk  rad io lucen t lines around the 
cem ent mantle, indicating the presence o f a soft tissue layer (Fig 1.2). The soft tissue 
layer is form ed by an in flam m atory reaction o f peri-prosthetic  bone tissue to wear 
and abrasion particles, and to m icrom otion o f the cem ent relative to the bone .12,24 
This process is called osteolysis. Reconstructions retrieved during revision showed 
p o ly e th y le n e  w e a r pa rtic le s , and ab rad ed  ce m e n t p a rtic le s  in th e  s o ft tis su e  
layer.1724 4264 In som e cases, inspection o f the retrieved im plants revealed burnished 
stem  surfaces, indicating tha t the stem -cem ent in terface had debonded, and that
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n m icrom otion had occurred between the stem  and the cem ent m antle during service 
in  v ivo.4265 These find ings indica te tha t asep tic  loosening is probably in itia ted by 
m echan ica l events, tak in g  p lace during  se rv ice  o f the  im p lan t. H owever, upon 
revision, on ly the end-poin t o f the fa ilure process can be observed and the whole 
cascade o f events leading to gross loosening can not be identified. Autopsy retrieved 
fem ora l re co n s tru c tio n s  can p rov ide  use fu l in s igh t in to  the  process  o f asep tic  
loosening, at stages w here the im plant has not yet failed completely. Several authors 
have  in sp e c te d  p o s t-m o rte m  re tr ie v e d  c e m e n te d  re c o n s tru c tio n s , a im ed  at 
unraveling the fa ilure process leading to gross loosening o f the implant. O steolysis 
was observed at som e locations around fem ora l com ponents, in cases where the 
implants were stable and appeared to be w e ll-fixed.139 Osteolysis was often detected 
at lo ca tio ns  w h e re  the  cem e n t m an tle  w as th in  o r de fec tive , and c racks  w ere  
observed in the  cem ent m antle  at loca tions w here  os teo lys is  o c c u rre d .1,26,27,29,39 
H is to log ica l s tud ies  show ed th a t the  tissu e  in the  o s te o ly tic  reg ions con ta ined  
abraded and fractured cem ent partic les .42 As early debonding o f the stem -cem ent 
in terface w as frequently  observed in retrieved reconstructions, a shift occurred in 
im plant research from  the bone-cem ent in terface to the stem -cem ent in terface as 
the main problem  area in cem ented THR. S tem -cem ent in terface debonding was
often fo llow ed by fracture  o f the cem ent mantle 
and pe ri-p ro s the tic  os te o lys is  (F ig 1 .3 ).25,42,43,57 
Ja s ty  et a l25 id en tified  debo nd ing  o f the  stem - 
cem ent interface, and subsequent cracking o f the 
cem ent mantle as the earliest events in the failure 
process o f cem ented fem ora l com ponents. They 
postu la ted  th a t ab rasive  cem ent partic les  were 
produced due to m icrom otion at the stem -cem ent 
interface, and tha t cracking o f the cem ent mantle 
p ro v id e d  a p a th w a y  fo r  c e m e n t p a rtic le s  to 
m ig ra te  to the  bo ne -cem en t in te rface, causing 
lo ca l o s te o ly s is . A  d e b o n d e d  s te m -c e m e n t 
in te rface  and a frac tu red  cem en t m antle  could 
also provide a pathway for w ear debris originating 
from  the articu la ting surfaces, to m igrate from  the 
jo in t space tow ards the  bone-cem en t interface. 
These find ings suggest tha t aseptic loosening is 
lik e ly  to  co m m e n ce  w ith  e ve n ts  th a t a re  o f a 
m e ch a n ica l na tu re , de p e n d in g  on th e  s tre s s ­
transfer and on the strengths o f the interfaces and 
the acrylic bone cement. Hu iskes20 classified the 
accum u-la ted dam age scenario as the governing 
fa ilu re  sce n a rio  fo r  the  fem ora l com p o n e n t of 
cem ented THR reconstructions. Accord ing to this 
scenario  repetitive loading o f the reconstruction
Fig 1.2. A radiograph of a failed 
cemented hip joint reconstruction. A 
radiolucent line is visible around the 
cement (white pointers), indicating 
the presence of a peri-prosthetic 
soft tissue layer. The implant is 
radiologically loose.
leads to rupture o f the stem -cem ent in terface and to the accum ulation o f dam age 
in the  bu lk  cem en t and a long the in te rfaces . The lo ad -ca rry in g  cap ac ity  o f the 
cem ent mantle is reduced, causing im plant m igration and m icromotion. Abrasive and 
fracture partic les are form ed, invoking peri-prosthetic osteolysis, eventua lly leading 
to gross fa ilure o f the implant.
Som e im plants m ay be m ore sensitive to fa ilure than others. Despite the high 
success rates o f cem ented THR, high revision rates are occasionally reported for 
hip im plants tha t are introduced on the orthopaed ic market. Recent exam ples are 
the Capita l Hip prosthesis (3M Health Care Ltd, Loughborough, UK) w ith a revision 
rate o f 16% at 26 m onths post-operative ly,4142 the Centralign prosthesis (Z im m er Inc, 
W arsaw, IN) w ith a revision rate o f 12% at 30 m onths,58 and the Perfecta prosthesis 
(W right M edical Technology, Arlington, TN) w ith a revision rate o f 8% at 24 m onths.18 
These disasters could possib ly have been prevented by more rigorous pre-clin ical 
testing o f the im plants, prior to the ir clin ical introduction.
Pre-clin ical tests may prevent in ferior im plants from  entering the m arket and may 
thus aid in reducing the overall loosening rates o f cem ented THR im plants. A t the 
12th m eeting o f the E uropean S ocie ty o f B iom echanics, the deve lopm ent o f pre- 
c lin ica l tests  fo r jo in t rep lacem ent im plants was voted as a research priority by a 
panel o f scientists d iscussing the fu ture  o f b iom echan ics research. Currently, the 
only standardized pre-clin ical test for cem ented hip stem s is the ISO 7206 test, which 
is an experim enta l laboratory tes t fo r fa tigue fa ilure o f the stem  itse lf.56 S ince this 
tes t w as introduced, the incidence o f stem  fracture has decreased sharp ly,38 which 
proves the power o f the test. However, th is test does not test im plants against failure 
m echanism s tha t currently govern fa ilure o f cem ented fem oral reconstructions. W ith 
the  increased ins igh t into the  p redom inan t fa ilu re  scenario  o f cem ented fem ora l 
components, the opportunity exists to develop pre-clin ical tests against this scenario. 
Such a tes t should be able to d iffe rentia te  between superio r and in ferio r implants, 
based on the analysis o f long-term  m echanical failure.
A s an alte rnative to laboratory experim ents, fin ite  e lem ent analysis (FEA) has 
been advocated as a useful too l fo r pre-clin ica l testing o f THR im p lan ts .11 5063 FEA 
s im ulation has often been applied to estim ate the stresses and to study the load-
F ig 1.3. Cross-section of an autopsy retrieved 
cemented THR reconstruction. The stem has 
debonded from the cement. The cement mantle is 
defective around one corner of the stem, and 
contains radially directed cracks around two other 
corners of the stem (S, C and B indicate the stem, 
cement and bone, respectively).
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n trans fe r m echanism s in cem ented THR reconstruc tions.2,13,19,53,54,59 However, up to 
now no FEA-based pre-clin ica l tes t has em erged. FEA-based pre -c lin ica l testing 
offers great potentials. A  major advantage of FEA simulations, relative to experimental 
testing, is tha t physical prototypes o f the im plants are not required; testing can be 
pe rfo rm ed  based on design  s p e c ifica tio n s  a lone. FEA o ffe rs  g re a t pa ram e tric  
flexibility, allow ing design changes to be analyzed rapidly. Furtherm ore, FEA allows 
im plants to be tested under com plex loading configurations, involving all kinds of 
patient activities, and including m ultip le m uscle loads.
It m ust be adm itted th a t the app lica tion  o f FEA in jo in t im p lan t research has 
som etim es been controversial. In the late 1970's, FEA was introduced in orthopaedic 
research as a prom ising research too l to study the e ffect o f patient, m ateria l and 
design fea tu res  on hip jo in t rep lacem en t m echan ics. However, at tha t tim e, the 
im pact o f FEA in the  fie ld  o f jo in t rep lacem en t research w as lim ited by severa l 
fa c to rs .22 F irs t o f all, the  kno w le dg e  on fa ilu re  m echan ism s o f cem en ted  THR 
recons truc tions  w as in su ffic ie n t,20 and it w as unknow n w h e the r any m echan ica l 
param eter could be related to long-term  fa ilure o f cem ented implants. Furtherm ore, 
the  know ledge  on in  v ivo  hip jo in t fo rces  during all k inds o f da ily  ac tiv ities  was 
inadequate , and v ir tu a lly  no in fo rm ation  w as ava ilab le  on the  m agnitude o f the 
m uscle fo rces acting around the hip jo in t. The com p lex ity  and the va lid ity  o f the 
m odels was constra ined by a lim ited com puter power. The FEA m odels were mostly 
o f a concep tua l na ture  and w e re  used to s tudy g loba l lo ad -tra n s fe r pa tte rns in 
cem ented THR reconstructions. P red icting long-te rm  fa ilu re  o f jo in t rep lacem ent 
reconstructions w as not yet an issue, let alone pre-clin ica l detection o f in fe rio r hip 
im plants. An im portant contribu tion to the application o f FEA in jo in t rep lacem ent 
research w as given by H u iskes19 in his thesis, investigating the load-transfer in a 
c e m e n te d  T H R  re c o n s tru c tio n  us ing  a s im p lif ie d  F E A  m ode l o f a fe m o ra l 
reconstruction. A m ongst o ther p ioneers in the field w ere Barte l,2 C row ninsh ie ld  et 
a l,9 and Rohlm ann et a l.54 T he ir data has provided va luab le  insight into the general 
s tress pa tte rns th ro u g h o u t the  recons truc tion . A ltho ug h  the  d irec t in fluence  on 
im p la n t de s ig n  w a s  p ro b a b ly  lim ite d , th e ir  da ta  co m b in e d  w ith  c lin ic a l and 
experim ental data contributed to the unraveling o f the m echanical fa ilure processes 
involved in im plant loosening. A t the end o f the 1980's a second generation o f FEA 
studies developed. Through the use o f instrum ented hip im plants more reliable data 
became available on physiological loading of the hip jo in t.410 As com putational power 
increased FEA m odels were created w ith increased detail in the geom etry and the 
load ing cond itions. The FEA stud ies  w ere  gene ra lly  o f a param etric , qua lita tive  
nature, aim ed at investigating the m echanical effects o f patient, m aterial or design 
fea tures on the stress distribution th roughou t the reconstruction .7,13,51,53,59 Trying to 
rea listica lly predict long-term  fa ilure o f the im p lant becam e a more im portant issue. 
Som e a ttem pts w ere made to d iffe rentia te  between im plant designs w ith different 
c lin ica l perfo rm ance, based on the  s tresses th a t w ere  genera ted in the  cem ent 
m antle and at the in te rfaces.2123 A lthough successful in som e cases, these attem pts 
w ere generally not very convincing, due to the indistinct relation between the initial
stress d istribu tion  and long-term  fa ilure o f the reconstruction. W ith  the increased 
know ledge on long-term  m echanical fa ilure processes taking place in a cem ented 
THR reconstruction, a third generation o f FEA studies was introduced. Researchers 
in the field became convinced that the prediction o f long-term  im plant failure required 
rea listic s im ulation o f c lin ica l fa ilure scenarios. Not the prediction o f stresses and 
stra ins w as the issue, but the prediction o f fa ilure in a tim e fram e. During the last 
few  yea rs  s im u la tio n s  w e re  deve lope d , a m o ng s t o thers , fo r  the  s im u la tio n  o f 
in terface debond ing ,32,40,62 cem ent dam age accum ula tion61 and cem ent c reep .33,48,60 
A lthough these  s im u la tions are now ava ilab le, they  have not ye t been va lida ted 
re lative to experim enta l and clin ica l data. Hence, the ir ab ility  to predict long-term  
fa ilu re , and, m ore im portantly, to d iffe ren tia te  betw een im p lan ts w ith  a d iffe rent 
clin ical quality, rem ains to be established. As such, an FEA-based pre-clin ica l test 
tha t can d is tingu ish  betw een sup e rio r and in fe rio r im p lan ts in a m eaningfu l and 
dependable w ay has not yet been realized, and the prom ise w ith which FEA was 
in itia lly  in troduced in im plant research has not ye t been fulfilled.
Persuaded by the idea tha t an FEA-based pre-clin ica l tes t should be possible, 
an EU -sponsored m ultina tiona l research program  w as started in 1996a, aim ed at 
deve lop ing  depe nd ab le  m ethods fo r p re -c lin ica l tes tin g  o f cem en ted  hip stem  
designs against the dam age accum ulation fa ilu re  scenario. A  to ta l o f 6 European 
research centers partic ipated in the project, each w ith the ir own specia lization in the 
field o f jo in t rep lacem ent research. The research perform ed w ith in the fram ew ork 
no t on ly  c o m p ris e d  the  d e v e lo p m e n t and v a lid a tio n  o f th e  p re -c lin ic a l te s ts  
them selves, but also the derivation o f m issing in form ation essentia l fo r setting up 
the testing procedures. A  firs t issue w as the deriva tion o f a s tandard ized loading 
protocol fo r testing o f THR im plants, prescrib ing force m agnitudes and directions 
o f the jo in t contact and m uscle forces during patient activ ity.5 The research included 
the evaluation o f m uscu loskele ta l tasks, and the ir frequencies, which postoperative 
THR patients are subjected to on a daily basis.44 Using instrum ented hip prostheses 
the hip jo in t loads experienced in these tasks were m easured,3 and using th is  data 
the m uscle forces were estim ated in com puter optim iza tion stud ies .15 In a separate 
branch o f the  p ro ject, the  issue w as to  de rive  m ech an ica l da ta  de sc rib ing  the 
behavior o f acrylic bone cem ent under fatigue loading. Laboratory experim ents were 
perform ed to quantify creep and m icrodam age accum ulation in bone cem ent under 
cyclic loading conditions.4647 This data was essential in order to sim ulate the damage 
accum ulation fa ilure scenario by m eans o f FEA, and to develop the protocols o f the 
FEA-based pre-clin ica l test. A s both experim enta l and clin ical va lida tion o f an FEA- 
based p re -c lin ic a l te s t are c ru c ia l in o rd e r fo r  the  te s t to  be a cce p ted  by the 
orthopaed ic com m unity, va lida tion  o f the FEA tes t constitu ted a m ajor part o f the 
research program. A  protocol was developed to m easure strains on the bone surface 
and in the cem ent mantle o f cem ented THR reconstructions, for the purpose of strain
a European Union, Project SMT4-CT96-2076: 'Pre-Clinical Testing of Cemented Hip Replacement 
Implants: Pre-Normative Research for a European Standard'. 13
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n gauge validation o f the FEA m odels involved in the testing procedure.8 Furthermore, 
an e x p e r im e n ta l te s tin g  rig w a s  d e v e lo p e d  fo r  te s tin g  o f c o m p o s ite  fe m o ra l 
reconstructions in a physio log ica l hip jo in t and m uscle loading con figu ra tion .6,36 The 
tes t rig a llow ed the m igration o f the im p lan t re la tive to the bone to be m easured 
under dynam ic loading cond itions.34 35 One o f the purposes o f the data provided by 
these dynam ic tests, was to serve as reference data fo r the experim ental validation 
o f the FEA sim ulation used in the pre -c lin ica l test. To c lin ica lly  va lida te  the FEA- 
based pre-clin ical test, clinical survival data o f cem ented THR implants was obtained 
from  the Swedish Hip R egister.16,37,38
The main sub ject o f the present thesis is the developm ent and va lida tion  o f an 
FEA-based pre-clin ica l test fo r testing o f cem ented THR stem s against the dam age 
accu m u la tio n  fa ilu re  scenario . The w o rk  desc rib ed  rep rese n ts  the  ta s k  o f the 
O rth op aed ic  R esearch  Lab from  the  U n ive rs ity  M ed ica l C e n te r N ijm egen, The 
Netherlands, within the fram ew ork o f the EU-program. The responsibility o f the group 
w as to  deve lop  an FEA a lgo rithm  to  s im u la te  the  dam age accum ula tion  fa ilu re  
scenario  around cem ented TH R  stem s, w h ich  w as to  fo rm  the basis o f the  pre- 
c lin ical test. Data from  the other partners w ith in  the pro ject should be used to set 
up the testing protocols in term s o f loading conditions and model specifications, and 
to va lida te the FEA-based pre-clin ica l tes t experim enta lly  and clinically.
The w ork presented in this thesis is subdivided into two sections. The first section 
deals w ith the techn ica l aspects o f FEA s im u la tion  o f the  dam age accum ulation 
fa ilure scenario. It is com posed o f chapters 2, 3 and 4. The issue o f chapter 2 is the 
developm ent o f an FEA algorithm  to s im ulate the dam age accum ulation process in 
a c ry lic  bone cem ent, fo r  the  pu rpose  o f p re -c lin ica l tes tin g  o f cem e n ted  THR 
implants. It describes the m athem atica l form ulations used to model processes such 
as creep and crack form ation w ith in the cem ent mantle. The top ic  o f chapters 3 and 
4 is the extent to which the predictions o f the FEA s im ulation depend on the level 
o f mesh refinem ent used in the FEA models. A  m ethod is presented to obtain FEA 
predictions tha t are independent o f the level o f mesh refinement.
The second section o f th is thesis  is com posed o f chapters 5 to 9, and deals with 
the  ap p lica tio n  and va lida tion  o f the  F E A -based p re -c lin ica l test. The question 
treated in chapter 5 is w hethe r FEA m odels o f cem ented hip jo in t reconstructions 
accurate ly  represent the m echanical behavior o f real fem ora l reconstructions, and 
can thus be used fo r FEA-based pre-clin ica l testing. It describes the va lida tion  of 
two such FEA models relative to experim ental strain gauge m easurements. The topic 
o f chapters 6 and 7 is the loading profile tha t is to be used in the FEA-based pre- 
c lin ical test. In chapter 6 it is investigated w hethe r m uscle forces acting around the 
hip jo in t should be included in the loading profile, in addition to the hip jo in t contact 
force. C hapter 7 trea ts the question which patient activ ities are m ost detrim enta l to 
the reconstruction, and as such, which patient activ ities should be sim ulated in the 
pre-clin ica l test. Chapters 8 and 9 describe the experim ental and clin ical validation 
o f the FEA-based pre-clin ical test developed. In chapter 8 , FEA m odels of cemented 
THR reconstructions w ith two diffe rent im plants are used to sim ulate the dam age
accumulation failure scenario. The FEA predictions are validated against experimental 
data from  fa tigue tests in order to verify  w hethe r the m echanical fa ilure processes 
are sim ulated accurately. In chapter 9 the dam age accum ulation fa ilure scenario is 
s im u la ted  fo r fo u r cem ented  THR im p lan ts . The FEA p re d ic tions  are va lida ted  
against c lin ical survival data, in order to confirm  tha t the FEA sim ulation can predict 
a ranking o f hip rep lacem ent im plants tha t concurs w ith a ranking based on the ir 
clinical quality. This would corroborate the use of the FEA sim ulation fo r the purpose 
o f pre-clin ica l testing o f cem ented THR im plants against the dam age accum ulation 
fa ilure scenario.
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Abstract
A cry lic  bone cem ent is used  to fixate h ip  rep lacem en t im p lan ts in  the bone. Creep  
and fatigue fa ilure o f the cem ent p rom ote  fa ilure o f the im plant. F o r the purpose o f 
im p la n t testing, we de rive d  a fin ite  e lem e n t a lgo rithm  tha t s im u la tes  c reep  and  
dam age accum ulation in  acry lic  bone cem ent. The s im ulation com bines a M axw e ll 
c re e p  m od e l, w ith  a 3 -D  co n tin u u m  d a m a g e  m e c h a n ic s  a p p ro a c h  to m o d e l 
anisotropic dam age accum ulation. The p resent pape r describes the technica l details  
o f the sim ulation. In a first application, tensile fatigue experim ents on tubu la r cem ent 
specim ens are sim ulated. The creep stra in  and  fa tigue life  o f the specim ens, as 
pred ic ted b y  the sim ulations, are successfu lly  corre la ted to the experim enta l results. 
In a second application, the sim ulation is  used  to p red ic t creep and  fa tigue failure  
o f the cem ent m antle  around two hip  im p lan ts  with d iffe rent c lin ica l outcom es. It is 
shown how  the sim ulation is able to p red ic t the locations o f cem ent dam age around  
the im plants, and  the am ount o f im p lan t m igration.
Nomenclature
[ ],{ } Tensor and column notation
[c ],{c } Cauchy stress tensor
Cj component i j  o f Cauchy stress tensor
C principal stress value
c vm equivalent Von Mises stress
c  uni-axial stress
[e] total strain tensor
[£e],{£e} infinitesimal elastic strain tensor
ee equivalent elastic strain 
creep strain tensor
eceq equivalent creep strain
[Aec] incremental creep strain tensor
Aecij component i j  o f incremental
[D] 2nd-order damage tensor 
D  ^ component i j  of
2nd-order damage tensor 
Di principal damage value 
[AD] incremental 2nd-order damage tensor 
AD^ component i j  o f incremental
2nd-order damage tensor 
[Rc] rotation matrix from global coordinate
[ ]
system to principal stress axes 
n total number of loading cycles 
An timestep in number o f loading cycles 
Nf lifetime (number o f cycles to failure) 
Ancip critical creep timestep for
creep strain tensor 
Aeceq equivalent creep strain increment 
ec uni-axial creep strain 
[S] compliance matrix 
E,v Young's modulus, Poisson's ratio 
G shear modulus
integration point ip  
AnDip critical damage timestep for
integration point ip  
nc relative creep life in number o f cycles 
nDi relative damage life along principal
stress axis i  in number of cycles
Introduction
A cry lic  bone cem ent is a w ide ly  used m aterial in orthopaed ic surgery, particularly 
for the fixation o f jo in t rep lacem ent im plants in bony structures. It is a two com ponent 
m aterial, consisting o f a solid com ponent contain ing m ainly po lym ethylm ethacryla te 
(P M M A ) powder, and a liqu id  com p on en t con ta in ing  m o n o m e th y lm e tha c ry la te  
(M M A). W hen these  tw o  com p on en ts  are m ixed, the  m ix tu re  rem a ins v iscous, 
a llow ing the m aterial to be applied to bone cavities. A fte r a few  m inutes the cem ent 
po lym erizes and becom es solid. O ur main in te rest is in the  application o f acrylic 
bone cem ent in reconstruction  o f the fem ur bone in to ta l hip rep lacem en t (THR) 
(Fig 2.1). Cem ented THR is a w ide ly  accepted procedure in orthopaed ic surgery for 
the  tre a tm e n t o f hip jo in t  fra c tu re s  and hip jo in t d iseases . D uring  the  surg ica l 
procedure, the head o f the fem ur bone is resected and a hole is drilled in the femoral 
canal, which is then filled w ith v iscous bone cement. A  metal stem  is inserted and 
held in p lace fo r a few  m inu tes  by the  surgeon . The cem e n t po lym e rize s  and 
becom es solid, thus fixating the implant.
W hen subjected to cyclic loading conditions, polym erized bone cem ent displays 
a ra ther brittle  fa ilure m echan ism .9,15 M icrocracks accum ula te  w ith in  the  m aterial 
(Fig 2.2), which coalesce to form  m acroscopically visible cracks.6,18 The accumulation 
o f m icrocracks is usually referred to as dam age accum ulation. An additional feature 
o f bone cem en t is th a t it c reeps unde r dynam ic  load ing c o n d itio n s .9 22 D am age
accum ulation and creep in the cem ent mantle 
a ro un d  a h ip  re p la c e m e n t im p la n t m ay 
je op a rd ize  the reco ns truc tio n .6,18 During da ily 
p a tie n t fu n c tio n in g  th e  im p la n t is loaded  
repetitive ly, often fo r m illions o f cycles during 
the lifetim e o f the reconstruction .13 The hip jo in t 
loads can be as high as 3 tim es bodyw e igh t 
during normal walking, and 8 tim es bodyw eight 
d u rin g  s tu m b lin g .1 A s  a resu lt, th e  cem e n t 
m antle  su rround ing  the  s tem  is sub jec ted  to 
h igh  d y n a m ic  loads. C re e p  and dam age  
a c c u m u la tio n  w ith in  th e  ce m e n t cau se  the 
m antle to  d is in tegra te  s low ly in the course of 
time, and to loose its supportive properties. This 
causes m icrom otion and m igration o f the stem 
re la tive  to  the  fem ur. F rac tu re  and ab ras ive  
cem e n t p a rtic le s  m ay be fo rm ed , tr ig g e rin g  
adverse  b io log ica l reactions. Eventually, th is 
process leads to  g ross fa ilu re  o f the  fem ora l 
re c o n s tru c tio n , in w h ic h  case  a rev is ion
F ig 2.1 . Schematical representation 
of a cemented THR reconstruction.
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operation is required. This fa ilure process is referred to as the dam age accum ulation 
fa ilure scenario .5
The purpose o f the current study was to develop a fin ite e lem ent (FEA) algorithm  
to sim ulate creep and dam age accum ulation in PM M A bone cement. The sim ulation 
is to be used to tes t new hip im plants fo r the ir p robability  to develop the dam age 
accu m u la tion  fa ilu re  scenario . The FEA s im u la tio n  com b ines  a 3-D con tinuum  
dam age m echan ics (CD M ) approach w ith  a M axw ell creep m odel. In the current 
paper, th e  te c h n ic a l a sp e c ts  o f th e  F E A  s im u la tio n  a re  d e s c rib e d  in de ta il. 
Furtherm ore, two applications o f the FEA s im ulation are presented. In the firs t one, 
a tens ile  fa tigue  tes t is s im u lated and the resu lts are com pared to experim enta l 
findings. In the second one, creep and dam age accum ulation in the cem ent mantle 
around two d iffe rent hip im plants are sim ulated.
Description of the Creep-Damage Simulation
The s im u la tio n  m on ito rs  creep  and dam age a ccu m u la tion  in a s truc tu re , as a 
function o f the local stress levels, the stress orientation and the num ber o f loading 
cycles. It com bines FEA with a CDM approach238 and a Maxwell creep model. A  3-D, 
an iso trop ic CDM approach has been adop ted ,2124 m eaning tha t the dam age state 
in a m aterial po in t is described by a tensor, as opposed to a scalar variab le  in the 
case  o f an is o tro p ic  CD M  a p p ro a ch . T he  d a m ag e  is a llo w e d  to  a c c u m u la te  
a n is o tro p ic a lly  in the  d ire c tio n  o f th e  th re e  p rin c ip a l s tre sse s . A s  th e  s tress  
orientation changes in the course o f the sim ulation, the dam age growth directions 
change accordingly. In the sim ulation, on ly tensile  principal stresses are assum ed 
to cause accum ulation o f dam age; com pressive and shear stresses do not produce 
any dam age. In the in tact m aterial, the dam age equals zero in all d irections. The 
three principal va lues o f the dam age tensor can grow  to a m axim al va lue o f 1.0 , in 
w hich case the dam age is com plete in all d irections. As dam age accum ulates, the
stiffness o f the  m ateria l de te rio ra tes. An uncoup led approach is adop ted in the 
sim ulation, which assum es tha t the stiffness o f the m aterial rem ains unaffected until 
the dam age becom es com plete in a certain d irec tion .17 This assum ption is justified 
by the observations tha t acrylic bone cem ent fa ils in a ra ther brittle fash ion and that 
its s tiffness is hard ly  a ffected by the  dam age state, until the dam age is v irtua lly  
com plete and the specim en has reached its fa tigue life N f.14 If one o f the principal 
dam age va lues becom es com plete, a (m acro)crack is assum ed to occur in a plane 
pe rpend icu la r to the  correspond ing principa l dam age direction. In tha t case, the 
stiffness is affected such tha t the m aterial is no longer able to trans fe r load in the 
direction norm ally to the crack plane, nor can it transfe r shear loads w ith in the crack 
p lane (no she a r re ten tion ). S ubsequently , a second and th ird  c rack  can occur 
pe rpend icu lar to the first one. In the  la tte r case case the  m ateria l has locally lost 
its load-bearing capacity in all d irections.
The structure m odeled is assum ed to be subjected to a cyclic loading pattern, 
w ith loads cycling between zero and m axim al value. In the sim ulation only the peak 
loads du rin g  a cyc le  a re  ap p lie d  to  th e  m odel, be cau se  the  m a te ria l sp e c ific  
equations relate the am ount o f creep and dam age accum ulation to the peak stresses 
during a cycle . Hence, the  load ing con d itions  are trea te d  as qu as i-s ta tic  in the 
s im ulation, a lthough in rea lity they are o f a cyclic nature. It is in feasib le  to sim ulate 
the effects o f m illions o f loading cycles individually. There fore, the entire loading 
h is to ry  is s im u la ted  increm enta lly , each increm en t rep resen ting  a cons iderab le  
num ber o f loading cycles.
In our case, the s im ulation is applied to 3-D FEA m odels consisting o f 8 -node 
isoparam etric  brick elem ents. The itera tion schem e o f the sim ulation is shown in 
Figure 2.3. During the s im ulation, the evolution o f the dam age tensor and the creep 
strain tensor are m onitored for each integration point individually. Both are set to zero 
fo r all in tegration points at the start o f the sim ulation. If pre-load dam age exists, the 
in itia l dam age te n s o r cou ld  be adap ted  to  re p re se n t th is  s itu a tio n . The in itia l 
com pliance m atrix represents an isotropic situation for each integration point. It may 
becom e anisotropic as cracks are formed. Suppose that at the beginning o f a certain 
iteration, a num ber o f n loading cycles has been reached. Furtherm ore, suppose 
tha t the dam age tensor, [D], the creep strain tensor, [ec], and the com pliance matrix,
[S], a fter n loading cycles are known for each in tegration point. A  new iteration then 
starts w ith assem bling the system  o f stiffness equations, solving it by m eans o f the 
FEA code. The stress tensor, [o], and e lastic  strain tensor, [ee], are calcula ted for 
each in tegration point, satisfying the generalized Hooke 's law:
{ee} = [S] ■ {o } (2.1)
The tota l strain tensor a fte r n cycles is then defined as the sum  o f the e lastic  and 
creep strain tensors:
[e] = [£e ] + [ec ] (2 .2 ) 25
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Fig 2.3. Iteration scheme of the FEA simulation of creep and damage accumulation.
Subsequently, the principal s tresses o 1, o 2 and o 3 are determ ined, as well as the 
rotation m atrix [Ro] required to rotate tensors from  the global coordinate system  to 
the local coord ina te  system  defined by the principa l stress axes. In addition, the 
equivalent Von Mises stress, o vm, the equivalent elastic strain, eeeq, and the equivalent 
creep strain, ec are calculated fo r each in tegration point:
e 12 e e 
eeq = V - I ' eÜeÜ (2.3)
26 (2.4)
Then a loop over all in tegration points is started. The purpose o f th is loop is to find 
an optim al tim estep An, tha t is sm all enough to ensure stab ility  o f the sim ulation, 
ye t as large as possib le in o rder to m in im ize the com puta tiona l costs. The creep 
strain increm ent tha t is produced during the tim estep should be sm all relative to the 
existing e lastic strain. Furtherm ore, if the tim estep taken is too large, the am ount 
o f dam age accum ulation during the tim estep m ay be overestim ated, and principal 
dam age va lues m ay exceed the m axim um  o f 1.0. First o f all, fo r every integration 
point the critica l creep tim estep, Ancip, is determ ined, tha t is required to produce an 
equiva lent creep strain increm ent, Aeceq, tha t equals 5% o f the existing equiva lent 
e lastic strain, £eeq. Secondly, fo r every integration point the critica l dam age tim estep, 
A nDip, is de te rm ined , th a t is requ ired  to le t one o f the  p rinc ipa l dam age va lues  
becom e com ple te by reaching a va lue o f 1.0. A  secant roo t-find ing procedure is 
applied to find th is  tim estep. O nce every in tegra tion poin t is passed, the  optim al 
tim estep, An, is determ ined as the m inimal value o f Ancip and AnDip over all integration 
points:
O nce the optim al tim estep An is known, a second loop over all in tegration points is 
started. The creep strain and dam age tensors are to be updated, to represent the 
situation after n+An loading cycles. First, the creep strain tensor is updated fo r every 
in tegra tion  point. From  un i-ax ia l tes ts  on bone cem ent spec im ens sub jected  to 
dynam ic com press ive  loading, the  fo llow ing  re la tion w as ob ta ined betw een the 
un i-axia l creep strain, ec, the stress am plitude, o  (stress cycling between 0 and o), 
and the num ber o f loading cycles, n :22
In the 3-D case, the un i-axia l stress and stra in are substitu ted by the Von M ises 
stress, o vm, and the equiva lent creep strain, eceq, respectively. From  equation 2.6 it 
is c le a r th a t the  creep curve  depends on the  s tress  level. In the  cou rse  o f the
An = m ini Anfp,AnD (2.5)
(2 .6 )
Ae|;
Aec«
£°
An2 n — ►
F ig  2.4. The principle of strain 
equivalence is used in the FEA 
simulation to shift between creep 
curves for different stress levels. 
Suppose a material is loaded at 
stress level o, for An, cycles, and 
subsequently at stress level o 2 for 
An2 cycles. The creep strain of the 
material first follows the creep 
curve for o,, and then shifts to the 
creep curve for o 2 at a constant 
creep strain level. The total creep 
strain after An,+An2 cycles equals 
Aec,+Aec2. 27
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sim ulation, stress levels are bound to change from  iteration to iteration. To relate 
th e  c ree p  c u rve s  b e tw ee n  the  d iffe re n t s tre s s  le ve ls , th e  p r in c ip le  o f s tra in  
eq u iva le n ce  is app lied , as is exp la ine d  in F igu re  2.4. E qua tion  2 .6  is used to 
de te rm ine  the  re la tive  creep life, nc, rep resen ting  the  num be r o f load ing cycles 
required to produce the equiva lent creep strain a fte r n loading cycles, eceq, for the 
present Von M ises stress level, o vm:
eceq = 7.985 ■ 10-7 ■ (nc )04113- 0116lo3Ovm ■ o vm1 9063 (2.7)
The equiva lent creep strain increm ent, Aeceq, is then determ ined as the equiva lent 
creep strain a fte r nc+An cycles m inus the equiva lent creep strain a fte r nc cycles:
Aeeq = 7.985 ■ 10-7 ■ (nc + A n)04113- 0116lo9O-  ■ovm1 9063 -e e q (2.8)
The com ponents o f the increm ental creep strain tensor, [Aec], are then calcula ted 
from  the equiva lent creep strain increm ent, Aeceq, by a flow  rule, which determ ines 
how the Von M ises stress is affected by the various stress com ponents:
Aec = A ^ q  d o O r (2 9)
The increm ental creep strain tensor is then added to the existing creep strain tensor, 
to give the new creep strain tensor a fter n+An cycles, [ec]new:
[ec ]new = [ec ] + [Aec ] (2.10)
W ith in  the sam e loop over all in tegration points, the dam age tensor is updated to 
represent the dam age state after n+An loading cycles. Because dam age is assumed 
to accum ulate in the principal stress d irections, the dam age tensor [D] is rotated to 
the local coordinate system  defined by the three principal stress axes:
[D ]local = [Ro ] ■ [D] ■ [R o ]T (2.11)
O nly the  va lues on the  trace  o f the local dam age tensor, [D ]local, are assum ed to 
change due to dam age accum ulation:
[D]local new = [D]local+ [AD]local (2.12)
AD1°,cal 0 0
where: [AD ]local = 0 AD1o1cal 0
0 0 AD 1lo1cal
28
The three com ponents o f the increm ental dam age tensor, AD iilocal, are determ ined 
by using dam age accum ulation data fo r acrylic bone cem ent, as derived by M urphy
and P rendergast.14 They perform ed uni-axial tests on bone cem ent specim ens under 
dynam ic tensile  loading conditions (tensile stress from  zero to m axim al value). The 
fo llow ing two re lations were found:
o  = -4 .7 3 6  ■ log(N f) + 37.8 (2.13)
D =
\3.92
n
Nf
where: 0 < D < 1 (2.14)
Equation 2.13 (S-N equation) re lates the fa tigue life N f o f acry lic  bone cem ent to 
the peak stress level applied during cyclic loading. Equation 2.14 is the non-linear 
dam age evolution equation, relating the am ount o f dam age, D, to the fraction o f the 
life tim e  a tta ined . The th re e  com p on en ts  o f the  in c rem en ta l dam age te n s o r in 
equa tion  2.12 are de term ined as fo llow s. If the  p rinc ipa l s tress com ponent o i is 
com press ive , the  co rrespond ing  com ponen t AD iilocal o f the  inc rem en ta l dam age 
tensor equals zero. For the tensile  principal stresses the corresponding fa tigue life 
N f is determ ined from  equation 2.13. Then the relative dam age life o f the cement, 
nDi, is de te rm in ed  from  eq ua tion  2.14. The re la tive  dam age life  o f the  cem ent 
represents the num ber o f loading cycles tha t is required to produce the  va lue of 
com ponent Diilocal o f the local dam age tensor, if the present principal stress level o i 
would have been present during the entire loading history:
\3.92 ol-37.8
n L_/
Dii
Nfi
for: i=1,2,3 with: N f = 10 -4736 (2.15)
The com ponents o f the increm ental dam age tenso r [AD]local are then determ ined by 
calculating the dam age after nDi+An cycles, and subtracting the dam age component, 
Diilocal, tha t was present a fte r n cycles:
AD ii =
nD + A n  
Nfi
3.92
-  Dlocal for: i=1,2,3 (2.16)
Thus, the three com ponents of the increm ental dam age tensor in equation 2.12 have 
been determ ined. The updated dam age tensor [D ]local,new can then be obtained from  
equation 2.12. The updated local dam age tensor is then rotated back to the global 
coord inate system.
Before a new iteration can be started, the stiffness has to be adapted for each 
in tegra tion  poin t to accoun t fo r new cracks tha t m ay have occurred. Hence, it is 
checked w hether the dam age has become com plete in one or more directions during 
the current tim estep. For tha t purpose, the three principal values, Di, o f the updated 
dam age tenso r are determ ined. A  crack is assum ed to occur w hen Di exceeds a 
va lue o f 0.75, which corresponds to a norm alized life tim e o f 0.93 (equation 2.13).
This dam age level is chosen as critical, as opposed to the m axim al va lue o f 1.0, in 
o rder to om it very sm all tim esteps and to reduce com putationa l costs. The plane 
o f the newly form ed crack is pe rpendicu lar to the corresponding principal dam age I 29
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direction. Depending on whether one, two or all three principal damage values have 
reached the critical level, a total of one, two or three orthogonal cracks can occur. 
Initially, the mechanical behavior is completely isotropic. When a first crack occurs 
at an integration point, the stiffness normally to the crack-plane, as well as the shear 
moduli within the crack-plane, are reduced to a very low value (typically 10-5 times 
the original Young's modulus). They should ideally be reduced to zero, but that would 
cause instabilities in the simulation. The compliance matrix in the local coordinate 
system of the principal damage directions becomes:
[S] local
-V
E
-V
E 0 0 0
-V
E
1
E
-V
E 0 0 0
-V
E
-V
E
1
E 0 0 0
0 0 0 0 0
0 0 0 0 1G 0
0 0 0 0 0
(2.17)
The infinity symbol indicates division by a very low value. The direction of the first 
crack rem ains fixed during the rest o f the sim ulation. Locally, the mechanical 
behavior becomes anisotropic and the material can no longer carry loads normally 
to the crack plane, nor can it carry shear loads within the crack plane. A plane stress 
situation remains. Damage can only grow in directions perpendicular to the first 
principal damage direction. When a second crack occurs, perpendicular to the first 
one, the compliance matrix in the local coordinate system becomes:
[S]lc
-V
E
-V 
E 0 0 0
-V
E
-V 
E 0 0 0
-V
E
-V
E
1
E 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
(2.18)
A line stress situation remains. Damage can only accumulate in the third principal 
damage direction. When a third crack occurs, perpendicular to the first two, the 
material looses its entire load carrying capabilities locally:
[S]lo
-V 
E
-V
E 0 0 0
-V
E
-V 
E 0 0 0
-V
E
-V
E 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
(2.19)
The last step in the iteration is to rotate the updated compliance matrix back to the 
global coordinate system. An internal check is performed in every iteration, to make 
sure that stresses normally to existing cracks remain low (<0.01 MPa) during every 
subsequent iteration.
Now that a timestep has been taken, and that the creep strain tensor, damage tensor 
and stiffness matrix have been updated for every integration point, the simulation 
can proceed to the next iteration. The total time at the beginning of the next iteration 
is n+An cycles. The next iteration starts with reassembling the stiffness matrix of the 
entire structure and solving the system of equations. The creep strain is accounted 
for by an implicit integration scheme .26 The iterative procedure continues until a 
desired number of loading cycles has been reached.
Application 1: Simulation of a Tensile Fatigue Test
As a first application of the FEA simulation, it was used to simulate tensile fatigue 
tests performed on tubular cement specimens. The FEA predictions were compared 
to the experim ental results. Note that the material specific creep and damage 
relations (equations 2.6, 2.13 and 2.14) were not derived from these experiments.
Experimental Methods
Ten tubular cement specimens were created in a polyethylene mould. The bone 
cement used was Cemex RX low viscosity cement (Tecres, Verona, Italy). It was 
vacuum-mixed using the Optivac system (Scandimed A.B., Sjöbo, Sweden), and
Fig 2.5A-B. The FEA simulation was used to simulate fatigue tests performed on tubular cement 
specimens. (A) The gripping arrangement used in the experiments, with: [1] a tubular PMMA specimen, 
sectioned longitudinally; [2] lower internal grip; [3] lower external grip; [4] upper internal grip; [5] holder 
for upper external grip (the grip itself is not shown). (B) The FEA mesh representing the experimental 
specimens. Damage accumulation and creep could occur only in the elements located in the gray region. 31
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injected into the mould. The specimens had the shape of a hollow cylinder with an 
external taper on one end and an internal taper on the other end. The axial length 
of the specimens was 60 mm, including the tapered ends. The inner diameter of the 
specimens was 24 mm and the wall thickness was 3 mm in the straight part o f the 
specimens. The purpose of the tapered ends was to clamp the specimens in the 
testing machine, using specia lly  designed se lf-a lign ing grips (Fig 2.5A). The 
specimens were stored under water for 14 days prior to testing, to allow full cement 
polymerization and water absorption. In the tests, the specimens were subjected to 
a cyclic tensile load in the axial direction, sinusoïdally varying between zero and peak 
load. Two loading cases were applied, with the peak loads chosen such that the walls 
of the specimens were subjected to peak axial stresses of 11 MPa and 15 MPa, 
respectively. Five specim ens w ere used fo r both loading cases. The testing 
frequency was 5 Hz. Testing was performed under water at a temperature of 37oC. 
Axial elongation and specimen stiffness were monitored during the test.
Numerical Methods
A 3-D FEA mesh was created to represent the tubular specimens (Fig 2.5B). The 
mesh consisted of 2160 8 -node isoparametric brick-elements and 2976 nodes. 
Three e lem ents were positioned across the w all th ickness. The cem ent was 
assumed to be in itia lly isotropic and linearly elastic. The Young's modulus and 
Poisson's ratio were 2.28 GPa and 0.3, respectively.14 All nodes on the inner and 
outer surface of the internally tapered end were fixed in all directions. The surface 
nodes on the externally tapered end were fixed in the radial direction only. The two 
testing conditions were simulated by applying distributed axial tensile loads to the 
free surface on the externally tapered end. Creep and damage accumulation as 
occurring in the stra ight part o f the specimens was simulated. The simulation 
continued until the specimen failed and rigid body motions caused the simulation 
to become unstable. The total number of cycles reached at that point was considered 
to be the fatigue life of the specimen, as predicted by the simulation. The predicted 
elongation of the specimens was compared to the experimental measurements. The 
FEA software package used was MARC (Marc Analysis Research Corporation, Palo 
Alto, CA, USA).
Results
In the experiments the specimens fractured perpendicularly to the axial direction, 
directly above the internally tapered end. In the simulations, damage accumulation 
eventually lead to fracture of the specimen at the same location. For both loading 
conditions cement cracks were not formed until 90% of the predicted fatigue life of 
the specimens was reached. Only after that point, cement cracks were formed
Number of cycles ( x 100 000)
Fig 2.6A-B: Comparison of numerical 
and experimental axial creep strains in the 
tubular cement specimens. The axial creep 
strain is plotted versus the number of 
loading cycles. (A) Curves for the loading 
case with a peak axial wall stress of 1 5 
MPa. (B) Curves for the loading case with 
a peak axial wall stress of 11 MPa. The 
experimental curves are given for all 
individual test specimens.
leading to a reduction of the stiffness of the specimens. This corresponded to the 
experimental findings that the stiffness of the specimens was hardly affected until 
the specimens failed. The predicted fatigue lives of the specimens were well within 
the range of the experimental fatigue lives, for both loading conditions. The same 
was true for the predicted elongations of the specimens, attributable primarily to 
creep. When the axial creep strain predicted by the FEA simulations was plotted 
against the number of loading cycles, creep curves were obtained that were within 
the range of the experim ental creep curves, and that were of a s im ilar shape 
(Fig 2.6). Note that the creep strain was defined as the total axial strain minus the 
elastic strain observed during the first loading cycle. Figure 2.7 shows the total 
damage predicted by the FEA simulations versus the number of loading cycles 
applied. The total damage was defined as the sum of all three principal damage 
values over all integration points in the mesh, and is a measure of the total amount 
of damage that has accumulated in the specimens. The shape of these curves 
corresponded to the shape of the damage evolution equation (equation 2.14).
1600
1200
800
I
400
0.6 1.2 1.8 2.4 
Number of cycles ( x 100 000)
F ig  2 .7. Total damage in the tubular 
cement specimens for both loading cases, as 
predicted by the FEA simulations, plotted as 
a function of the number of loading cycles. 
Total damage was defined as the sum of the 
three principal values of the damage tensor 
over all integration points in the mesh.
33
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Application 2: The Creep-Damage Process in THR
In a second application of the FEA simulation, it was applied to two 3-D FEA models 
(Fig 2.8) representing cemented hip jo int reconstructions with two different stems, 
implanted into composite femurs (Pacific Research Labs, Vashon Island, WA, USA). 
These femurs are often used for mechanical testing of implants, and consist of a 
polyurethane core surrounded by a fiber-reinforced epoxy layer, representing spongy 
and compact bone, respectively. The two implants analyzed were the Lubinus SPII 
stem (Waldemar Link GmbH, Hamburg, Germany) and the Mueller Curved stem (JRI 
Ltd., London, UK) (Fig 2.8). Both have well-known clinical records, with the Mueller 
Curved having inferior results relative to the Lubinus SPII.12
Mesh Discretization, Material Properties and Loading Conditions
The geometries of the composite femur25 and the implants were obtained from solid 
models. The geometry of the cement mantle and the position of the stem in the femur 
were determined from radiographs of reconstructions, as created by an experienced 
surgeon. Both FEA models were built from 8-node isoparametric brick-elements. The 
Lubinus model consisted of 7412 elements and 9086 nodes, whereas the Mueller 
model consisted of 7493 elements and 9050 nodes. The cement mantles consisted 
of 2604 and 2058 elements in the Lubinus SPII and Mueller Curved reconstructions, 
respectively. In both reconstructions the cement mantle had three elements across 
its thickness. A node-to-surface contact a lgorithm  (MARC Analysis Research 
Corporation, Palo Alto, CA, USA) was employed to model the stem-cement interface. 
This interface was assumed to be completely unbonded, meaning that tensile loads 
could not be transferred across the interface. Only compressive and frictional loads 
could be transferred. A friction coefficient of 0.25 was assumed. Because the stem- 
cement interface was unbonded, the stem could migrate within the cement mantle 
as the creep and damage accumulation processes developed. High migration rates 
are generally considered to be predictors for early implant failure .7
The stem, cement mantle and polyurethane core were assumed to be isotropic 
and linearly elastic. The Young's modulus and Poisson's ratio of the cement were 
2.28 GPa and 0.3, respectively.14 The Young's modulus and Poisson's ratio of the 
stem were 210 GPa and 0.3, being representative for CoCr-alloy. For the spongy 
bone, these values were 0.4 GPa and 0.3, respectively. The epoxy cortex was 
assumed to be transversely isotropic, having moduli of 11.5 GPa in the axial direction 
and 7.0 GPa in circumferential direction.
The loading history represented 25 million cycles of normal walking, which 
corresponds to approximately 8-10  years of in vivo service for an average patient.13 
A hip jo int force was applied to the head of the implant, representing the peak load
Fig 2.8A-B. In a second application, the FEA simulation developed was used to analyze creep and 
damage accumulation in the cement mantle around two different stems. (A) The Lubinus SPII stem 
(modular head not shown) and the FEA mesh of a reconstructed femur with that stem type. (B) The 
Mueller Curved stem and the FEA mesh of a reconstructed femur with that stem type.
of a normal walking cycle. The force magnitude was 2.3 kN (approximately 3 times 
bodyweight1), and subjected the reconstruction to in-plane bending and to torsion 
around the long axis of the femur. Muscle forces, acting on the bone, were not 
included. The simulation was used to predict the amount of damage accumulation 
and creep occurring in the cement mantle, and to predict the amount of prosthetic 
migration relative to the bone.
Results
Around both stems, damage accumulated initially around the tip (lower end) of the 
stem. Once cracks had formed in these regions, and the high cement stresses were 
released, the damage accumulation rate in the cement mantle decreased to a rather 
constant value and cracks occurred in other regions. The damage accumulation rate 
in the cement mantle was much higher around the Mueller Curved stem than around 
the Lubinus SPII stem. The total number of cement cracks (sum of all cracks over 
all integration points) after 25 million cycles was approximately 4 times higher around 
the M ue lle r Curved stem than around the Lubinus SPII stem: 2168 vs. 552, 
respectively (Fig 2.9A). Normalization of the total number of cement cracks to the 
number of elements making up the cement mantle, would lead to an even more 
pronounced difference between the two stem types. In most cases, only one crack 
occurred in an integration point. The number of integration points with two and three 
cracks were 397 and 21, respectively, around the Mueller Curved stem, and 48 
and 4, respectively, around the Lubinus SPII stem. Around the Mueller Curved stem, 
the cracks w ere located around the corners o f the im plant, along its entire
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length (Fig 2.10). A fte r 25 m illion cycles of loading, the cracked regions often 
extended over the thickness of the cement mantle. In contrast, no through-mantle 
cracks were found around the Lubinus SPII stem after 25 million cycles of loading. 
For that stem, cracks were concentrated in regions around the tip of the stem and 
just below the collar.
The peak tensile stress in the cement mantle, which can be seen as the driving 
force behind the damage accumulation process, was released in the course of the 
simulation (Fig 2.9B). During the first 10 million loading cycles the peak cement 
stresses were considerably higher around the Mueller Curved stem than around the 
Lubinus SPII stem.
Since the stems were not bonded to the cement, they could migrate within the 
cement mantle. The primary mode of migration was rotation about the long axis: 
approximately 0.3o for the Mueller Curved stem and 0.15o for the Lubinus SPII, 
relative to the bone.
In conclusion, the simulation was well able to differentiate between the two stem 
types. The M ueller Curved stem produced more cem ent damage and higher 
migration rates than the Lubinus SPII stem. These results may explain the inferior 
clinical results of the Mueller Curved system. In a recently performed study,19 the 
results of the simulations were correlated with the results of fatigue experiments 
perform ed on s im ila r reconstructions w ith the same stem  typ e s .11 Exce llent 
agreement between the FEA simulations and the experiments was observed, in 
term s of crack locations and the am ount of stem migration. The details o f the 
comparison are beyond the scope of the current paper.
F ig  2 .9A -B . Comparison of the FEA 
predictions for the Lubinus SPII stem and 
the Mueller Curved stem. (A) Total number 
of cement cracks as a function of the 
number of loading cycles. (B) Peak tensile 
stress within the cement mantle as a 
function of the number of loading cycles.
36
Fig 2.10A-C. Transverse cross-sections of the Mueller Curved model at three different levels along 
the stem (A, B and C), showing the regions in the cement mantle where cracks occurred. The cracked 
regions are the black regions within the white cement mantle.
Discussion
In several earlier studies, attempts have been made to model either creep10 16 23 or 
damage accumulation21,24 in the cement mantle around hip replacement implants, 
but never in combination. Combining the two seems to be an important improvement, 
because both processes affect each other. Creep can relaxate the cement and 
release high stresses, thereby reducing the damage accumulation rate. In our 
experience, creep causes the damaged regions to be more concentrated around 
the corners of the stems. In addition, creep considerably increases the amount of 
implant migration predicted by the simulations.
The simulation of the tensile fatigue tests on the tubular specimens did not fully 
exploit the 3-D nature of the damage formulation, because the stress situation was 
primarily uni-axial. However, as a first step, it did give an impression of the quality 
of the model and the aptness of the material relations used. A 3-D damage approach 
is essential when applied to FEA models of hip jo in t reconstructions. The stress 
situation in the cement mantle is essentially of a 3-D nature .4 Hence, the orientation 
of the microcracks will vary throughout the entire cement mantle. In meshes with a 
very high level of mesh refinement an isotropic damage approach might be able to 
capture the 3-D orientation of the cracks, since the stiffness of the damaged material 
can become anisotropic on the macroscopic scale, when an isotropic damage 
formulation is used on the microscopic scale. In contrast, in the relatively coarse 
meshes used to represent hip jo int reconstructions, an isotropic damage approach 
would not be able to capture the variation in 3-D orientation of the microcracks. 
Hence, an anisotropic approach is required.
Detailed mesh discretizations are required when the objective is to differentiate 
between im plants, based on th e ir p robab ility  to deve lop creep and damage 
accumulation within the cement mantle. The meshes have to be of a 3-D nature and 
have to capture the prominent geometrical features of the implant, bone and cement
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mantle. In addition, the mesh density has to be sufficiently high to produce accurate 
FEA predictions of the local stress states. In an earlier study20 we performed a 
convergency test and showed that meshes representing hip jo int reconstructions 
have to be of a density level similar to the two meshes used in the current study. 
The high com putational costs fo r such a mesh put a heavy constra in t on the 
numerical procedures and material models that can be included in the simulation. 
The simulations as presented in the second application, with non-linear interface 
conditions (debonded w ith fric tion ) at the im plant-cem ent interface, required 
approximately 7 days of processor time on a Silicon Graphics workstation with an 
R10.000 processor (SGI, Mountain View, CA, USA).
In earlier studies by our group, FEA algorithms were presented to simulate creep 
and damage accumulation separately.21 2324 Several differences exist between the 
damage and creep formulations in these earlier studies and the ones presented 
here; improvements in some cases, compromises in other cases to reduce the 
computational costs. Concerning the damage formulation, an important difference 
is that the current formulation allows non-linear damage accumulation, as opposed 
to earlier formulations, only allowing linear accumulation. Another difference is that 
earlier formulations made use of a software specific option to account for cracks. 
The present algorithm does not make use of that option, making the formulation 
independent of the FEA software used. Relative to the damage algorithms presented 
earlier, a compromise is that the current algorithm does not include a crack closure 
formulation. Concerning the creep formulation, the main difference is that the present 
simulation does not differentiate between creep under compressive and tensile 
loads. This option was rem oved to reduce the com plexity  of the a lgorithm . 
Furthermore, the present creep formulation assumes that the stress cycles between 
zero and peak value. Earlier creep formulations assumed that the stresses cycled 
between a residual stress value and the peak value, the residual stress being the 
stress that remained present in the cement upon unloading of the implant.
We assumed an uncoupled relation between the damage and the material 
stiffness. The damage did not affect the stiffness of the material until a certain critical 
damage level was reached and a crack occurred. The major advantage of such an 
approach is that larger timesteps can be taken, thus reducing the computational 
costs .17 It yields accurate solutions only for materials that show a sudden increase 
in the damage accumulation rate near the end of the lifetime, so that the stiffness 
is hardly affected until the material fails. This is the case for acrylic bone cement.
A crack closure formulation was not included in the current simulation, to save 
computation time. Once a crack had formed under tensile loads, the tangent stiffness 
did not recover when the load was reversed and became compressive. Crack 
closure is a highly non-linear process, considerably increasing the computational 
costs. Our experience with the crack closure option that we used in earlier studies2124 
was that reversal of loads, causing cracks to close, hardly occurred in a structure 
that was subjected to constant loading conditions. It might be necessary to include 
crack closure when the structure is subjected to a wide range of loading directions.
In summary, an FEA simulation was presented in the current paper, that can be used 
to simulate creep and anisotropic damage accumulation in acrylic bone cement. Two 
d iffe ren t app lications o f the sim ulation were presented. The results of these 
applications warrant further development of the simulation into a validated pre- 
clinical test.
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Stress s ingu la rities  cause a loca l d ivergence o f stress with increas ing  mesh 
refinement in finite element (FEA) models. They make peak stresses in particular 
very dependent on mesh density. In this study we present a stress concentration 
lim iter (SCL). This FEA algorithm smoothens high stress gradients, simulating stress 
attenuation around singular points as it occurs in reality. By applying the SCL to 2-D 
FEA models, we demonstrate that it produces a stress state around singular points 
that converges with increasing levels o f mesh refinement. Thus, stresses become 
independent o f mesh density. We show how the effect o f the SCL can be controlled 
by a single user-defined parameter. This so-called critical distance determines the 
amount o f stress attenuation around singular points. The SCL m ay be useful when 
the objective is to compare peak stresses around im plants obta ined from FEA 
models with differences in mesh density.
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Introduction
The finite element (FEA) method has become a widely used tool to pre-clinically test 
implants against long-term failure of jo in t reconstructions. The FEA models should 
be sufficiently refined to accurately represent the geometry and mechanical behavior 
of the reconstruction modeled.6,10 Ideally, a convergency test should be performed 
to test model accuracy. If such a test is performed at all, usually only convergence 
of nodal displacements or total strain energy is checked .4 A  more refined mesh is 
required for convergence of stresses and strains.7 However, a completely converged 
stress/strain distribution can almost never be obtained, since stress singularities 
locally cause stresses and strains to diverge with increasing mesh refinement.
Stress singularities are typical features of the analytical stress distribution in 
composite structures, such as jo in t reconstructions, when assuming linearity of 
material properties and deformations .11 They occur around sharp corners and bi­
material interfaces at locations where the equations of stress equilibrium  can 
impossibly be fulfilled. Figure 3.1 shows a typical example of a stress singularity, 
caused by incompatible restrictions on the shear stress at the end of a bi-material 
interface. As a result, the analytical solution predicts infinite stress values at the 
location of the stress singularity. When the analytical solution around a stress 
singularity is approximated by FEA analyses, a denser mesh will produce higher 
stress levels. However, the analytical va lue o f in fin ity w ill never be reached, 
regardless of the mesh density used. Locally, this makes the predicted stresses 
extremely sensitive to mesh density. In reality, stress levels at the location of a stress 
singularity are not infinite (Fig 3.1). Local plastic deformation and small fillet radii 
at seemingly sharp corners reduce the effects of stress singularities .1
Fig 3.1. Part of a pull-out test specimen, 
with a schematical representation of the shear 
stresses along the stem-cement interface, as 
determined analytically, with FEA, and as 
present in reality. In the case of a pull-out test, 
a stress singularity exists within the cement at 
corner C. The shear stress along the free 
surface, t , should be zero. When assuminq’ xy’ -J
linearity of material properties and defor­
mations, the shear stress along the interface, 
t , can not be zero. Hence, stress equilibrium,yx
stating that t and t should be equal, can notxy yx
be satisfied. At point C, the cement shear 
stress along the stem-cement interface 
becomes infinite in the analytical solution. 
When approximated with an FEA model, the 
shear stress at C increases with mesh density. 
In reality, the shear stress at C reduces to zero 
due to rounded corners and local plastic 
deformation.
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often sensitive to mesh density. This prohibits reliable comparison of peak values 
obtained from meshes with different element size and shape, as for example when 
comparing peak stresses around different implants obtained from different models. 
Furthermore, failure algorithm s that are driven by peak stresses, like interface 
debonding and crack propagation, may proceed in a mesh-dependent manner.
It would be advantageous if a converged stress state at the location of stress 
singularities could be achieved, so that locally stresses are no longer affected by 
the level of mesh refinement. In meshes used in fracture mechanics, quarter point 
elements are usually positioned around singular locations.2 These elements allow 
a good estimate of stress concentration factors at crack-tips, but can not be used 
to obtain a stress distribution that converges with increasing mesh refinement. An 
option is to model rounded corners instead of non-realistic sharp ones.1 However, 
very dense meshes may be required to incorporate rounded corners into the model, 
leading to high computational costs. Another option may be to simulate local plastic 
deformation around singular locations. Disadvantages are the high computational 
costs and the difficulty to combine it with other non-linear FEA algorithms.
In th is chapter, an alternative FEA algorithm  is presented, that makes the 
stresses around singular points converge with increasing mesh refinement. This 
stress concentration limiter (SCL) simulates the local attenuation of stresses around 
singular points, as it occurs in reality. It is controlled by a single user-defined 
parameter, called the critical distance. To demonstrate the effect of the SCL, an 
application is presented in which we simulated a pull-out test using 2-D FEA models 
with increasing levels of mesh refinement. The value of the critical distance was 
varied to show how it affects the stress distribution when the SCL is applied.
Methods
The SCL is an FEA algorithm that simulates the attenuation of stresses in regions 
of high stress gradients, as particularly present around singular points. It smoothens 
these high gradients by spatially averaging the stresses. It redistributes the stresses, 
producing a new stress state that converges with increasing mesh refinement. As 
a result, the stresses around singular points become independent of mesh density. 
Of course, the mesh refinement should still meet the minimal requirements to ensure 
overall convergence of stresses at locations away from singular points. The SCL was 
derived from strain localization limiters, used in continuum damage mechanics to 
prevent mesh-dependent damage growth when simulating material cracking .38
The effect of the SCL is controlled by a single param eter called the critical 
distance, dcrit. Basically, this parameter determines the region over which stresses
Fig 3.2. The magnification shows a part of a 2-D finite 
element mesh that is used to analyze a pull-out test. The 
figure graphically explains some of the variables used in 
equation 3.1.
F ig  3 .3 . The value of the weight 
function ^ (equation 3.2) as a function 
of the ratio of the distance from inte­
gration point kto n (dkn) and the critical 
distance (d ).' crit'
are averaged. For a very small critical distance the effect of the stress concentration 
limiter is small, and the spatially averaged stress distribution resembles the non­
averaged stress distribution. For an infinitely high critical distance, the spatially 
averaged stress reaches a constant value throughout the mesh. Obviously, such a 
high critical distance leads to unrealistic stress patterns.
The working of the SCL can be explained as follows. Suppose one would like 
to analyze a construction as shown in Figure 3.1, using a 2-D FEA mesh (Fig 3.2). 
To obtain the stress distribution in the cement, the first step is to perform a regular 
FEA analysis. This gives the initial values of the stress tensor for all integration points 
in the mesh. These initial values can be denoted by oyk, where i j indicates the specific 
component of the stress tensor and k  indicates the integration point number. Next, 
the SCL spatially averages these initial stresses. For each integration point new 
stress values are determined, that are weighted averages of the initial stresses at 
all in tegra tion  points in the mesh. The new va lue o f stress com ponent i j  for 
integration point k  is:
(3.1)
^ O y  ■ ^(dkn,dCrjt) ' A n
Ok = _n=1________________
ij m
^  ^(dkn,dcrit) ' A n
n=1
in which: m = total number of integration points in the mesh 
dcrit = user-defined critical distance 
dkn = distance from integration point k  to n (Fig 3.2)
A = part of element area belonging to integration point n (Fig 3.2)
with the weight function :8
^(dkn,dcrit) = exp(—(dkn/d crit) ) (3.2)
The weight function ^(dkn,dcrit) has a value of 1.0 at integration point k, and decreases 
exponentia lly away from k  (Fig 3.3). It determ ines the contribution of the non­
averaged stresses at integration point n to the averaged stresses at integration 45
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A F ig  3 .4 . The three 2-D FEA 
models used in the current study 
represented a metal stem [1], 
fixed in a cement mantle [2], 
between 2 metal side-plates [3]. 
The coarsest model, model A, is 
shown.
point k. By setting the critical distance in the weight function the user can control 
the effect of the SCL. Note that when multiple materials occur in the FEA model, the 
summation in equation 3.1 is done only over all integration points within the same 
material as integration point k. Furthermore, in 3-D analyses averaging is carried 
out in three dimensions, in which case the area An in equation 3.1 should be replaced 
by an element volume Vn.
To demonstrate the effect of the SCL, it was used in 2-D FEA simulations of a 
pull-out test. Three 2-D FEA meshes were created with increasing levels of mesh 
refinement, all having the same geometry. They represented a metal stem fixed in 
a cement mantle, sandwiched between two metal side-plates (Fig 3.4). The coarse, 
intermediate and refined meshes, referred to as A, B and C, respectively, had a ratio 
of the number of elements of 1:4:16. Each mesh was built from 4-node isoparametric 
plane strain elements with unit thickness and constant size across the entire mesh. 
Mesh specifications and element dimensions (in millimeters) are given in Table 3.1. 
Materials were modeled as isotropic and linear elastic. The Young's modulus was 
210 GPa for the metal parts, and 2.2 GPa for the cement.9 The Poisson's ratio was
0.3 for both materials. A tensile force of 4000 N per unit thickness was applied to 
the stem. The s ide-p la tes w ere assum ed to be fixed at the le ft end. S tress 
convergence in the three models was evaluated in the traditional way, by comparing 
total strain energy. Shear stresses and maximal principal stresses in the cement 
along the stem-cement interface were calculated. They were compared between 
three cases: (1) no SCL applied, (2) SCL applied with a critical distance of 2.5 mm, 
(3) SCL applied with a critical distance of 5.0 mm. The values of the critical distance 
in cases 2 and 3 corresponded to the x-dimensions of the elements in models A and 
B, respectively.
Table 3.1. Mesh properties of the three 2-D FEA models used in this study.
Model Number of nodes Number of elements Element dimensions (mmj*
X Y
A 516 450 5.0 4.0
B 1931 1800 2.5 2.0
C 7461 7200 1.25 1.0
46 a See figure 3.4 for definition of x and y direction.
Results
The value of the total strain energy in models A, B and C was 74.5 mJ, 75.0 mJ and 
75.3 mJ, respectively. Judging from the small differences between the three models, 
convergence of total strain energy was already achieved in the coarsest model, 
model A.
W ithout application o f the SCL, the shear stresses along the stem -cement 
interface showed a typical shear-lag pattern.5 Shear stresses were rather uniform 
along most o f the interface, w ith high stress concentra tions near both ends 
(Fig 3.5A). The th ree  FEA m odels produced increasing shear stresses with 
increasing mesh density at the ends of the interface, attributable to the presence 
of stress singularities at these locations. The peak maximal principal stresses in the 
cement, which were also located at the ends of the interface, clearly diverged with 
increasing mesh density (Table 3.2). In contrast, away from the singular points, 
convergence of stress was already achieved in the coarsest model, model A. In the 
middle region of the interface, both the shear and maximal principal stresses were 
virtually equal for all three meshes (Fig 3.5A, Table 3.2).
1 ,
o xjmm) 10 )
Fig 3.5A-C. Shear stress in the cement along the stem-cement interface versus the position along the 
interface. (A) Shear stresses along the interface in models A, B, and C, in the case where the SCL was 
not applied. (B) Shear stresses along the interface in models A, B, and C, in the case where the SCL was 
applied with a critical distance of 2.5 mm. (C) Shear stresses along the interface in models A, B, and C, 
in the case where the SCL was applied with a critical distance of 5.0 mm. Note the different y-scales in 
the three graphs.
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cement interface. Its influence depended on the value of the critical distance. For 
a critical distance of 2.5 mm, the high stresses in models B and C were reduced 
considerably, although in model A, with element dimensions larger than the critical 
distance, the influence of the SCL was limited. Models B and C produced similar 
stress values along the entire interface (Fig 3.5B, Table 3.2). The limited influence 
of the SCL in model A, for a critical distance of 2.5 mm, was particularly clear from 
the shear stress pattern along the interface (Fig 3.5B), that closely resembled the 
pattern found without application of the SCL (Fig 3.5A).
For a critical d istance of 5.0 mm all models produced v irtua lly equal shear 
stresses and maximal principal stresses around the ends of the stem -cement 
interface (Fig 3.5C, Table 3.2). In that case all three models had element dimensions 
equal to or smaller than the critical distance. It is noteworthy that application of the 
SCL shifted peak shear stresses somewhat away from the ends of the interface.
Discussion
The purpose of this study was to demonstrate the effect of the SCL, and to show 
how its effect could be controlled by a single user-defined variable: the critical 
distance. As a typical example we applied the SCL to simulations of a pull-out test, 
using three 2-D FEA models with increasing mesh density. We demonstrated that 
although total strain energy did converge with increasing mesh density, the stress 
d istribution did not. Stress s ingularities caused peak stresses to diverge with 
increasing mesh density. However, application of the SCL produced a stress state 
around singular locations tha t did converge with increasing mesh density. If a 
sufficiently large value was chosen for the critical distance, all three FEA models 
produced similar stress patterns with virtually equal peak values.
Table 3.2. Maximal principal cement stresses at three positions along the stem-cement interface.
SCL dcrit Stress“ at X=:0 mmb Stressaat X= bmm05 Stressa at X= 100 mmb
(mm) Model: A B C A B C A B C
off 13.1 17.0 22.0 5.6 5.5 5.6 17.1 22.0 27.1
on 2.5 11.7 12.3 12.6 5.6 5.6 5.6 14.3 13.2 12.9
on 5.0 9.1 9.1 9.2 5.6 5.6 5.7 9.7 9.4 9.3
48 a Stress values given in MPa. b See figure 3.5 for definition of position x along stem-cement interface.
The SCL redistributes the stresses found in a regular FEA analysis and smoothens 
high stress gradients. Thus, it attenuates the stresses at a singular point and shifts 
the peak stress away from the singular point, like it occurs in reality.1 The same effect 
could be achieved by modeling small fillet radii at seemingly sharp corners or by 
simulating local plastic deformation .1 As opposed to these methods, the SCL has 
low computational costs, does not require a priori knowledge about the position of 
singular points in the mesh, can be easily used in both 2-D and 3-D models, and 
can very well be introduced in non-linear FEA simulations.
The critical distance determines to a large extent the effect of the SCL. Basically, 
it determines the amount of stress attenuation around singular locations. As the 
results showed, peak stresses decrease with increasing critical distance. The 
question remains what value should be used for the critical distance. It should be 
small, since the SCL should only affect the stresses locally around singular locations. 
A too large critical distance may cause the SCL to produce stresses tha t are 
insensitive to slight changes in the geometry of the FEA model. Assuming that the 
critical distance is related to the amount of stress attenuation that occurs in reality, 
it is probably possible to determine its value from experiments. For example, the 
stress patterns around sharp corners could be estimated with strain gauges or 
photo-elastic techniques. The critical distance could then be varied until the SCL 
reproduces the experimental stresses. From the experience we have so far, a critical 
distance of approximately 1 mm seems appropriate for modeling cement in hip joint 
reconstructions. However, future experiments should be performed to get a better 
estimate.
To justify the use of the SCL, two conditions have to be satisfied by the FEA 
meshes. First of all, the mesh should be sufficiently refined to accurately represent 
the geometry of the reconstruction and its mechanical. Convergence of stress values 
in regions that are not affected by stress singularities should be established. Only 
then should the SCL be used to ensure the additional convergence of stresses 
around singular locations. Secondly, the mesh should be sufficiently refined to allow 
the SCL to affect the stress distribution. If the distance between the integration points 
is larger than the critical distance, the effect of the SCL is small. This is attributable 
to the low value of the weight function ^(dkn ,dcrit) when the ratio dkn/dcrit is larger 
than 1.0 (Fig 3.3). Therefore, as a rule of thumb, the elements should have typical 
dimensions equal to or sm aller than the critical distance. The second condition 
probably puts a heavier constraint on the mesh density than the first one.
In conclusion we can state that SCL is an effective method to produce a stress 
state around stress singularities that converges with increasing levels of mesh 
refinement. This makes peak stresses less dependent on mesh density. The method 
is particularly useful when the objective is to compare peak stresses around different 
implants, obtained through FEA models with differences in mesh density.
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In an earlier study, a finite element (FEA) simulation was developed to simulate 
creep and damage accumulation in cement mantles around total hip replacement 
(THR) im plants. This m ethod  was based on a continuum  dam age m echanics 
approach, assuming crack formation as a function o f local stress levels and loading 
histories. FEA stress levels depend locally on mesh density when stress singularities 
are present. Hence, also predicted crack formation m ay be mesh-dependent in that 
case. The aim o f this study was to evaluate accuracy and mesh-dependence o f 
crack patterns and growth rates predicted by the simulation. Crack-propagation 
experiments were simulated. Experimental specimens, representing transverse  
slices o f cemented THR reconstructions, were subjected to cyclic torsional loading. 
Crack development around the corners o f the stem was monitored. The experiments 
were simulated using three meshes with increasing levels o f mesh refinement. Crack 
locations and orientations were accurately predicted, and were virtually independent 
o f the level o f mesh refinement. However, the experimental crack propagation rates 
were overestimated considerably, increasing with mesh refinement. To eliminate the 
effect o f stress singularities around the corners o f the stem, a stress averaging 
algorithm was applied in the simulation. This algorithm redistributed the stresses by 
weighted spatial averaging. When damage accumulation was computed based on 
averaged stresses, the crack propagation rates predicted were independent o f the 
level o f mesh refinement. The critical distance, a parameter governing the effect of 
the averaging algorithm, was optimized such that the predicted crack propagation 
rates accurately corresponded to the experimental ones. These results are important 
for the validity and standardization o f pre-clinical testing methods for orthopaedic 
implants.
52
Introduction
The damage accumulation fa ilure scenario is often considered to be the most 
dom inant fa ilu re  scenario fo r the fem oral com ponent o f a cemented tota l hip 
replacem ent (THR) reconstruction .8,17 Repetitive loading of the reconstruction 
produces creep of the cement, and leads to the accumulation of damage in the bulk 
cement and along the interfaces .10,11 The load-carrying capacity of the cement is 
reduced, resulting in implant migration and micromotion. Abrasive particles may be 
formed this way. Peri-prosthetic osteolysis is invoked, eventually leading to gross 
loosening of the femoral component. Proper pre-clinical testing of the implant against 
this failure scenario could reduce the risks involved in marketing a new implant, and 
might prevent clinical disasters when defective designs are used in patients.6,25 For 
that purpose, we derived a finite element analysis (FEA) simulation to predict the 
damage accumulation around cemented THR stems .21 It simulates the creep and 
damage accumulation processes occurring in the cement mantle in a cyclically 
loaded reconstruction. It predicts the distribution and orientation of cracks throughout 
the mantle, as well as the amount of stem subsidence attributable to fracture and 
creep of the cement. The FEA simulation can be used to pre-clinically assess the 
probability of cemented implants to develop the damage accum ulation failure 
scenario. In an earlier study, we were able to rea listica lly sim ulate the failure 
mechanism of two cemented femoral stems, relative to the results of experimental 
fatigue tests performed on similar reconstructions.18
The FEA simulation of the damage accumulation process is driven by peak 
tensile stresses in the cement mantle. Higher peak stresses lead to earlier crack 
formation. The peak tensile stresses are usually found around sharp corners or 
edges in the reconstruction, and as such, crack formation is first observed at these 
locations. In FEA meshes, these sites are typically those where stress singularities 
are found as w ell,26 locally causing the predicted stresses to increase with the level 
of mesh refinem ent.20 As a result, the development of the damage accumulation 
process, as predicted by the FEA sim ulation, may also be mesh-dependent. 
Information about this subject is essential when the FEA simulation is used for pre- 
c lin ica l testing  purposes. A d is tinc tion  should be made between the mesh- 
dependence of the predicted fa ilu re  pattern, characteriz ing  the location and 
orientation of the cracks, and the predicted failure rate, being the rate at which cracks 
develop. These may be differently affected by the level of mesh refinement.
In an earlier study Stolk et al20 presented an FEA algorithm producing stress 
distributions in meshes that converge with increasing levels of mesh refinement. 
When this so-called stress concentration limiter (SCL) is applied, the peak stresses 
no longer depend on the mesh density used. The SCL is an FEA algorithm that 
attenuates stresses in regions of high stress gradients, as occurring around singular 
points in particular. It smoothens these gradients by spatially averaging the stresses.
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increasing mesh refinement. The SCL was derived from strain localization limiters 
used in Continuum Damage Mechanics for the simulation of material failure, where 
they are applied to prevent mesh-dependent damage growth, and to maintain 
stability of the simulation .516 We asked the question whether a combination of the 
SCL with FEA simulations of the damage accumulation process could reduce the 
mesh-dependence of the FEA predictions. The effect of the SCL is controlled by a 
characteristic length parameter, called the critical distance. It determines the size 
of the region over which stresses are averaged. A larger critical distance leads to 
a more pronounced attenuation of high stress gradients. However, it is currently 
unknown what value should be used for the critical distance. It should be determined 
by comparing FEA predictions to results of crack propagation experiments.
In the current study, the FEA simulation of creep and damage accumulation was 
used to simulate crack propagation experiments that were performed on specimens 
representing transverse slices of a cemented THR reconstruction. Meshes with 
different levels of mesh refinement were used to simulate the experiments. The FEA 
predictions, in term s of crack locations, o rien ta tions and growth rates, were 
compared to the experimental observations. The research questions posed were 
three-fold. (1) W ithout application of the SCL, are the predicted cement crack 
patterns and crack formation rates realistic, and to what extent do they depend on 
the mesh density used? (2) Can application of the SCL result in FEA predictions that 
are independent of the mesh density used? (3) Can the value of the critical distance 
be determined from comparison of the FEA predictions to the experimental results?
Methods
Experimental Methods
Crack propagation experim ents were carried out on specim ens representing 
transverse slices of a cemented THR reconstruction with a Charnley type stem 
(Fig 4.1A). Specimens with two different cement mantle thicknesses were created: 
3 mm and 7 mm. A total of 12 specimens were created; 6 for each cement mantle 
thickness. For each specimen, a CoCr stem with a satin surface finish (Ra = 0.63 |im) 
was placed into a cylindrical aluminum mold. The stem was fixed with Simplex P 
PMMA bone cement (Stryker-Howmedica-Osteonics, Rutherford, NJ), which was 
pre-chilled (7o C) and hand-mixed. The cement was poured into the mold in a viscous 
state, after which the entire construct was shaken vigorously with a shaker table 
(Scientific Instruments, Bohemia, NY) in order to reduce the number of large pores. 
A fter curing, the stem-cement construct was removed from the mold and epoxied 
into an a lum inum  fix tu re , positioned in a se rvohydrau lic  loading machine
Fig 4.1A-B. (A) Dimensions of the constructs tested in the experiments. The crack propagation 
experiments involved torsional testing of stem-cement constructs with two different cement thicknesses 
(t = 3 or 7 mm). The specimens represented a transverse slice of a cemented THR reconstruction with 
a Charnley type stem. (B) Cyclic torsional loading was applied through a loading arm attached to the stem. 
The cracks around the corners of the stem were monitored with a 45x measuring microscope.
(MTS Systems Corporation, Eden Prairie, MN). A cyclical torque of 25.8 Nm peak 
load over a specimen depth of 10 mm was applied to the stem through a loading 
arm (Fig 4.1B). Each specimen was subjected to a total of 43,000 cycles at a loading 
frequency of 1 Hz, and subsequently to a total of 350,000 cycles at a frequency of
2 Hz. Cracks emanating from the corners of the stem into the cement were monitored 
using a 45x measuring microscope. A t regular loading intervals the position of the 
crack tip was recorded. The experiments were performed in air at room temperature. 
A detailed description of the experiments is given by Herzler and Mann.7
FEA Simulations
FEA models were built to represent the experimental specimens. For both cement 
mantle thicknesses, three FEA models were built, with increasing levels of mesh 
refinement (Fig 4.2). The models will be referred to as 'coarse', 'intermediate' and 
're fined ' th roughou t the rest o f th is  paper. Each model consisted o f 8 -node 
isoparametric brick-elements with a 1 mm depth. The number of nodes and elements 
in each model, as well as the characteristic size of the elements around the corners 
of the stem are listed in Table 4.1. The aluminum fixture, confining the stem-cement 
constructs, was modeled as a cylinder with a wall thickness of 8 mm. The aluminum 
ring, the cement and the stem were all assumed to have linear elastic material 
properties (Table 4.2). The stem-cement interface was assumed to be debonded 
from the start of the simulation. Contact between the stem and the cement was 
modeled w ith a node-to-surface contact a lgorithm  (MARC Analysis Research 
Corporation). Friction was assumed to be present with a friction coeffic ient of 
0.25.12,23 The cement-aluminum interface was assumed to be completely bonded.
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Fig 4.2. The FEA meshes used in the current study. The experiments were simulated with three FEA 
meshes with increasing levels of mesh refinement. For a cement mantle thickness of 7 mm (top), as well 
as for a cement mantle thickness of 3 mm (bottom), use was made of a coarse mesh, an intermediate 
mesh and a refined mesh. Additional mesh properties are given in Table 4.1.
All nodes on the front and back sides of the models were fixed in the axial direction, 
to impose a plane strain loading state. The nodes on the outer rim of the aluminum 
ring were fixed in all directions. The experimental loading case was simulated by 
applying a force couple to two nodes positioned equidistantly from the center of the 
stem. The stem center was fixed, to ensure a pure rotation of the stem about its long 
axis. A loading history of 1 million cycles of torsion was simulated.
The fa ilure process in the cem ent was sim ulated using an FEA simulation 
described in detail by Stolk et a l.21 The simulation monitors creep and damage 
accumulation in the cement for each integration point individually, as a function of 
the local stress levels and orientations, and the number of loading cycles. The creep 
fo rm ula tion  is based on a M axwell creep m ode l.14,23 The am ount o f creep is 
determined from the local equivalent Von Mises stress and the number of loading 
cycles. The algorithm applied for this purpose is based on an empirical relation 
between the equivalent creep strain (eceq), the number of loading cycles (n) and the 
Von Mises stress (avm), as determined for Simplex P bone cement:22
eceq = 7.985 ■ 10-7 ■avm1 9063 ■ n0 4113- 0116 losa™ (4.1)
The individual com ponents of the creep strain tensor are calculated from the 
equivalent creep strain using a flow rule ,23 describing how the individual components 
of the stress tensor contribute to the equivalent Von Mises stress. The damage 
accumulation model is based on a Continuum Damage Mechanics approach .2,3,24
In such an approach it is assumed tha t m icrocracks (referred to as damage) 
accumulate in a cyclica lly loaded material. Eventually, they coalesce and form 
macrocracks, causing a local degradation of the stiffness. In CDM the amount of 
damage is often described by a scalar variable D with an initial value of 0.0 in the 
intact material, and a value of 1.0 in the completely damaged material. The latter 
value is reached when the material reaches its fatigue life, as determined from 
material specific S-N curves. We used an uncoupled approach, meaning that the 
stiffness of the material is not affected until the damage becomes complete .15 In our 
case, the damage state is represented by a tensor as opposed to a scalar, allowing 
the damage to grow anisotropically in the directions of the three principal stresses. 
Only tensile principal stresses are assumed to cause the accumulation of damage. 
The damage growth in each of the three principal stress directions is determined 
as a function of the total number of loading cycles (n) and the magnitude of the 
tensile stress (a), using an algorithm based on the uni-axial relations:4,13
D =
\3.92
n
Nf
where: 0 < D < 1 (4.2)
a = -4 .736 ■ log(Nf) + 37.8 (4.3)
where equation 4.2 describes the non-linear development of the damage (D) as the 
number of loading cycles (n) reaches the fatigue life of the cement (Nf). Equation 4.3 
describes the fatigue life of Simplex P bone cement as a function of the stress level. 
The three principal values of the damage tensor can grow individually from a value 
of 0.0 in the intact case, to a maximal value of 1.0 in the damaged case. The orien­
tation of the principal damage directions can change in the course of the simulation. 
When a principal value of the damage tensor reaches a value of 1.0, a planar crack
Table 4.1. Properties of the FEA meshes used in the current study.
Cement Model ____________________ Mesh Properties___________________
Thickness Nr of Nodes Nr of Elements Element Dimensions (mm x mm)
3 mm Coarse 2542 1200 0.35 x 1.03
3 mm Intermediate 4126 1728 0.13 x 0.66
3 mm Refined 7802 3496 0.06 x 0.26
7 mm Coarse 2542 1200 0.35 x 1.16
7 mm Intermediate 4126 1728 0.13 x 0.59
7 mm Refined 7802 3496 0.06 x 0.29
a The element dimensions represent the width and height of the cement element located directly next to 
the corner of the stem. 57
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Fig 4.3A-B. Graphical explanation of some of the variables used in the stress averaging procedure, 
as described by equations 4.4 and 4.5. (A) For integration point k a weighted average of the stress 
components is determined over all integration points within a spherical region centered around k with a 
radius of 2.5 times the critical distance (dcrit). Integration point n is situated in the averaging region at 
a distance dkn from integration point k. The relative contribution of the stresses at integration point n to 
the averaged stresses at integration point k are determined by the value of the weight function ^ at a 
distance dkn from k. (B) The value of the weight function ^(dkn,dcit) at integration point n as a function 
of the normalized distance (dkn/dcit) to integration point k.
occurs, causing the material to loose its load carrying capacity in the corresponding 
principal direction. Such a crack is accounted for using a smeared crack approach .5 
The elastic modulus normally to the crack plane, and the shear moduli within the 
crack plane, are set to zero. As the second and third principal values of the damage 
tensor reach a value of 1.0 , a second and third crack are formed perpendicular to 
the first one. In that case, the material has locally lost its load carrying capacity in 
all directions. A large crack through the cement mantle can be formed when the 
material fails sequentially in a number of adjacent integration points.
In the original formulation of the creep-damage algorithm, the stresses calculated 
by the FEA code were directly used to calculate the amount of creep and damage 
accumulation occurring in the cement mantle. Stolk et al20 presented an algorithm 
for spatial averaging of the stresses calculated by the FEA code, in order to produce 
a new stress distribution that is independent of the level of mesh refinement. In the 
current study, this so-called stress concentration limiter (SCL) was implemented in 
the creep-damage simulation. Suppose the stresses throughout the cement mantle
Table 4.2. Elastic properties used in the FEA models.
Part of Model Material Type Elastic Modulus (GPa)a Poisson's Ratioa
Stem CoCr alloy 200.0 0.3
Cement Polymethylmethacrylate 2.20 0.3
Ring Aluminum 70.0 0.3
have been calculated by the FEA code. The components of the stress tensor in each 
integration point can then be denoted by oyk, where i j indicates the component of 
the stress tensor, and k  indicates the integration point number. The SCL spatially 
averages the stresses, producing new stress values for each integration point, that 
are w eighted averages o f the in itia l stress com ponents over all neighboring 
integration points. The spatially averaged stress components for integration point 
k, are determined using the equation :16,20
m
X ° y  ^(dkn.dcrit) ■ Vn
ô k = ^  (4.4)
^ ^ ^ (dkn, dcrit) ■ Vn 
n=1
Here m represents the total number of integration points over which stresses are 
averaged, being all integration points within a spherical volume centered around 
integration point k. The parameter Vn represents the element volume belonging to 
integration point n that lies within the averaging volume (Fig 4.3A). The function 
^(dkn,dcrit) is a weight function :1620
^(dkn,dcrit) = e* p ( - (dkn/d crit)2 ) (4 5)
The weight function ^(dkn ,dcrit) is a bell-shaped Gaussian one (Fig 4.3B), describing 
the weight factor in integration point n, positioned at a distance dkn from integration 
point k. The weight function has a value of 1.0 in integration point k, and decreases 
to a very small value near the boundary of the spherical averaging volume. The rate 
of decline of the weight function is determined by a parameter called the critical 
distance (dcrit). The radius of the spherical averaging region was limited to 2.5 times 
the critical distance, beyond which the weight function has a negligible value. The 
effect of the SCL is controlled by the value of the critical distance. If this characteristic 
length parameter is set to a higher value, averaging takes place over a larger region 
and the amount of stress attenuation in regions of high stress gradients will be more 
pronounced. Note that stress averaging does not cross material boundaries. In the 
cases where the SCL is applied, the amount of creep and damage accumulation 
(equations 4.1 to 4.3) are no longer based on the stresses originally calculated with 
the FEA code, but on the averaged stresses.
Figure 4.4 shows a simplified iteration scheme of the creep-damage simulation, 
with the SCL implemented. Initially, the damage tensor and the creep strain tensor 
are set to zero for every integration point in the cement mantle. The peak torque 
during a loading cycle is applied to the FEA model, producing the peak cement 
stresses for a cycle. The FEA code is then used to calculate the stresses in the 
cement mantle. These stresses are assumed to remain present during a certain 
timestep, representing a certain number of loading cycles. The size of the timestep 
is chosen small relative to the characteristic times of the damage accumulation and 
creep processes. If the stress concentration lim iter is applied, the stresses are
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damage tensor are then updated to account for the amount of creep and damage 
accumulation occurring during the timestep. The principal values of the updated 
damage tensor are calculated and a check is performed to see whether the damage 
has become complete in any of the principal damage directions. If this is the case, 
a crack is accounted for by adapting the material stiffness matrix of the integration 
point. The additional amount of creep is accounted for in the simulation using an 
implicit integration scheme. Once the creep strain tensor and the damage tensor 
are updated, a new iteration is started. The peak torque is again applied to the FEA 
model and the new stress distributions are calculated. This iterative procedure 
continues until the experimental loading history simulated has been completed.
For both cement mantle thicknesses, the experiments were simulated with the 
coarse, intermediate and refined meshes. A large crack could develop in the cement 
mantle when a number of adjacent integration points would fail sequentially. The 
length of the crack was defined as the distance between the integration point at the 
crack tip and the corner of the stem (See also Fig 4.5D). The simulations were first 
run without application of the SCL. The predicted crack patterns and growth rates 
were compared to the experim ental results, and the ir m esh-dependence was 
investigated. Subsequently, the simulations were run with application of the SCL, 
using four different values of the critical distance: 0.2, 0.3, 0.4, and 0.5 mm. This
60
Fig 4.4. The iteration scheme of the FEA simulation used to model the creep and damage accumulation 
processes in the cement mantle. The SCL is implemented in the FEA simulation.
was done to find out whether application of the SCL could lead to mesh-independent 
FEA predictions, and w hether a critical distance could be found for which the 
experim ental crack growth rates could be adequate ly reproduced by the FEA 
simulations. In order to evaluate the accuracy of the predicted crack growth rate, 
the crack lengths resulting from the FEA simulations and the experiments were 
plotted against the log of the number of loading cycles. As a measure of the fit of 
the FEA curves on the experimental curves, the root of the mean of the squared 
errors (RMSE) of the FEA curves was determined. To do that, the length of the FEA 
crack was compared to the experimental crack length at 8 time intervals: 100, 316, 
1000, 3162, 10000, 31622, 100000, and 316228 cycles. The RMSE was then 
determined as the root of the mean of the squared differences between the FEA and 
experimental crack lengths. A smaller RMSE indicates that the experimental crack 
length is predicted more accurately as a function of the number of loading cycles.
Results
In the experimental specimens, cement cracks were formed around two antisymmetric 
corners of the stem (Fig 4.5). The locations were sim ilar for both cement mantle 
thicknesses. The cracks initiated at the stem-cement interface and propagated into 
the bulk cement, virtually in a straight line. The cracks were not directed significantly 
different for the two cement mantle thicknesses (p > 0.05), and propagated under 
an angle of 43.8 ± 6.7o with the horizontal. The crack formation rate decreased with
Table 4.3. RMSE values measuring the error in the FEA prediction of crack length as a function of the 
number of cycles, relative to the experimental curve.
SCL dcrit“
(mm)
RMSEb (mm), t = 3 mmc RMSEb (mm), t = 7 mmc
Coarse
Mesh
Intermediate
Mesh
Refined
Mesh
Coarse
Mesh
Intermediate
Mesh
Refined
Mesh
off 0.59 0.89 1.17 1.38 1.77 2.11
on 0.2 0.21 0.17 0.19 0.52 0.38 0.31
on 0.3 0.17 0.28 0.30 0.36 0.19 0.17
on 0.4 0.35 0.42 0.40 0.26 0.20 0.22
on 0.5 0.40 0.47 0.50 0.24 0.27 0.32
a critical distance used when the SCL is applied (SCL on). b Root of the mean of the squared differences 
(RMSE) between the experimental and FEA crack lengths after 102, 102-5, 103, 103-5, 104, 104-5, 105, and 
105-5 cycles. The RMSE is a measure for the distance of the FEA curve of crack length vs number of loading 
cycles to the experimental curve, as displayed in Figure 4.6. c The cement mantle thickness is denoted 
with t  (Fig 4.1A).
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A the number of loading cycles (Fig 4.6). At the end of the experimental tests, the crack 
length was 2.8 ± 0.9 mm for the 7 mm thick specimens, and 2.2 ± 0.8 mm for the 3 
mm thick specimens. During the initial cycles of the tests, local sliding and opening 
of the stem-cement interface was visible under magnification, indicating that the 
stem-cement mantle had debonded. This justified the assumption of a debonded 
stem-cement interface in the FEA models.
Without application of the SCL, the FEA models accurately predicted the crack 
locations and orientations (Fig 4.5), but overestim ated the experimental crack 
propagation rates (Fig 4.6). The cracks as predicted by FEA initiated at the stem- 
cement interface and propagated into the cement, in a manner that corresponded 
to the experimental observations. The crack orientations were virtually independent 
of the level of mesh refinement used. In the refined models the cracks propagated 
under an angle of 44o with the horizontal, fo r both cement mantle thicknesses 
(Fig 4.5). The corresponding angles were 46o for the intermediate models, and 48o 
for the coarse models. The integration points where cracks developed were confined 
into narrow bands of elements. The crack propagation rates were overestimated, 
the overestimation increasing with the level of mesh refinement. Hence, when a 
more refined mesh was used the crack propagated through the cement mantle at 
a higher speed. This was confirmed by the RMSE values that increased with the level 
of mesh refinement (Table 4.3). The initial peak stress around the corner of the stem 
was found to increase considerably with the level of mesh refinement (Table 4.4). 
They were released when the first cement elements around the corner of the stem 
cracked. The peak tensile stress at the crack front, driving the crack propagation 
process, declined over time, resulting in a reduced crack propagation rate as the 
number of loading cycles increased. The cement was allowed to creep, but creep 
was not able to attenuate the initial peak stresses to a substantial degree. The initial 
peak stresses were of such magnitude, that hardly any creep occurred around the 
corners of the stem before the first integration points cracked.
Table 4.4. Peak tensile cement stresses around the corner of the stem during the first loading cycle.
SCL dcrit“
(mm)
Peak Tensile Stressb (MPa), t = 3 mmc Peak Tensile Stressb (MPa), t = 7 mmc
Coarse
Mesh
Intermediate
Mesh
Refined
Mesh
Coarse
Mesh
Intermediate
Mesh
Refined
Mesh
off 48.6 78.0 104.7 52.6 86.7 127.1
on 0.2 43.3 59.8 56.7 45.2 60.1 57.8
on 0.3 40.5 47.2 45.3 40.5 45.4 43.1
on 0.4 36.5 38.3 35.7 35.7 36.2 34.6
on 0.5 32.4 32.3 30.4 30.3 30.2 29.1
62
a critical distance used when the SCL is applied (SCL on). b Peak tensile stresses are the peak maximal 
principal stress in the cement mantle, usually occurring around the corner of the stem. c t  = cement mantle 
thickness (See Figure 4.1A for definition of t).
Fig 4.5A-F. (A) Typical example of the cracks observed at the end of the test in the experimental 
specimens with a cement mantle thickness of 3 mm. (B) Cracks in the experimental specimens with a 
mantle thickness of 7 mm. (C) The crack produced at the end of the simulation in the refined mesh with 
a mantle thickness of 3 mm, without application of the SCL. Only the part of the mesh around the corner 
of the mesh is shown. (D) The crack produced at the end of the simulation in the refined mesh with a 
mantle thickness of 7 mm, without application of the SCL. The crack length, as predicted by the FEA 
simulations, was defined as the distance from the corner of the stem to the integration point at the tip 
of the crack. (E) The crack produced at the end of the simulation in the refined mesh with a mantle 
thickness of 3 mm, when applying the SCL with a critical distance of 0.3 mm. (E) The crack produced at 
the end of the simulation in the refined mesh with a mantle thickness of 7 mm, when applying the SCL 
with a critical distance of 0.3 mm.
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Fig 4.6A-B. The crack length as a function of the number of loading cycles, as observed in the 
experiments and as predicted by the FEA simulations. (A) Crack length in the case of a cement mantle 
thickness of 3 mm. (B) Crack length in the case of a cement mantle thickness of 7 mm. The FEA results 
are shown for the coarse, intermediate and refined meshes, both without and with application of the stress 
concentration limiter (critical distance of 0.3 mm). See figure 4.5D for the definition of the FEA crack 
length.
Applica tion  of the SCL considerab ly reduced the crack propagation rates as 
predicted by the FEA simulations, but had a negligible effect on the location and 
orientation of the cracks. Application of the SCL attenuated high peak stresses in 
the cement around the corner of the stem (Table 4.4). The effect of the SCL was 
dependent on the value of the critical distance. As the value of the critical distance 
increased, the attenuation of peak stresses was more pronounced (Table 4.4) and 
the predicted crack propagation rate decreased.
When applying the SCL, similar crack propagation rates and peak tensile stresses 
could be predicted for meshes with different levels of mesh refinement (Tables 4.3, 
Table 4.4, Fig 4.6). The intermediate and refined meshes produced similar results 
for all values of the critical distance. Only for critical distances of 0.4 mm and larger 
did the coarsest model produce results that were similar to the results of these more 
refined meshes. The large element dimensions in the coarsest model made use of 
the SCL ineffective for smaller values of the critical distance. The RMSE values 
indicated that FEA simulation of the crack propagation process with application of 
the SCL was able to produce results that were close to the experimental results when 
the value of the critical distance was in the range of 0.2 to 0.3 mm (Fig 4.6).
Discussion
In an earlier study, an FEA simulation method was developed to simulate the creep 
and damage accumulation processes occurring in the cement mantle around hip 
replacement implants .21 The simulation was developed for pre-clinical testing of 
cemented implants against the damage accumulation failure scenario. In the current 
study, we used the FEA simulation to simulate crack propagation experiments, 
perform ed on specim ens representing transverse  slices of a cem ented THR 
reconstruction. Meshes with different levels of mesh refinement were used. The 
accuracy and the m esh-dependence of the FEA predictions was investigated. 
Furthermore, the application of a stress concentration limiter (SCL) was demonstrated 
in an attempt to obtain FEA predictions that were independent of the level of mesh 
refinement.
The first question posed was whether the predicted crack patterns (locations and 
orientations of cracks) and crack propagation rates were realistic, and to what extend 
they depended on the mesh density used. The location and orientation of the cracks 
corresponded very well to the experim enta l find ings, fo r both cem ent mantle 
thicknesses. They were v irtua lly  independent of the level of mesh refinement. 
However, the predicted crack propagation rates considerably overestimated the 
experimental crack propagation rates, and differed between meshes of different 
mesh density. More refined meshes produced higher crack propagation rates. The
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mesh density, indicating the presence of a stress singularity around the corners of 
the stem. As the peak cement stress is the driving force behind the crack formation 
process, it is logical that cracks were initiated earlier in more refined models. The 
crack propagation rate in a more refined mesh remained higher than that observed 
in a coarse mesh, throughout the entire loading history. Apparently, the stress 
singularity propagated through the cement mantle in front of the crack, although its 
intensity was probably decreased as the crack grew.
With regard to the second question, whether application of the SCL could result 
in FEA predictions that were independent of the level of mesh refinement, the answer 
was affirmative. With application of the SCL, the simulation was able to produce 
crack propagation rates and peak cement stresses that were virtually independent 
of the level of mesh refinement. The crack locations and orientations were hardly 
affected by application of the SCL. Hence, the SCL only influenced the timescale 
of the simulation. It must be noted that, in order for the SCL to be fully effective, the 
typical dimensions of the elements should be sufficiently small, relative to the value 
of the critical distance. Otherwise, there are not enough neighboring integration 
points within the averaging region for stress averaging to take place. In the current 
study, the predictions of the coarsest meshes were similar to those of the intermediate 
and refined meshes, only for values of the critical distance of 0.4 mm and larger. In 
contrast, the intermediate and refined meshes produced similar results for all values 
of the critical distance analyzed. As a rule of thumb the typical dimensions of the 
elements should be similar to the value of the critical distance. If that requirement 
is fulfilled, the SCL is effective and the FEA predictions will remain unaffected by 
further mesh refinement.
The th ird  question was w hether a va lue o f the c ritica l d istance could be 
determ ined fo r which the FEA pred ictions matched the experim enta l results. 
Because the SCL was not fully effective in the coarse models for all values of the 
critical distance analyzed, only the results of the intermediate and refined models 
were used to determine the optimal value of the critical distance. Based on the 
RMSE-values for these models, the optimal value was in the range of 0.2 mm to
0.3 mm, with the optimal value closer to 0.2 mm for a cement thickness of 3 mm thick 
specimens, and closer to 0.3 mm for a cement thickness of 7 mm. For these values 
of the critical distance the FEA simulations were able to predict crack propagation 
rates that corresponded to the rates found experimentally. This means that for the 
particular problems analyzed in the current study, the value of the critical distance 
is fixed. This puts a restriction on the level of mesh refinement required to simulate 
similar problems, as the element size should be similar to the value of the critical 
distance.
Application of the SCL simulates the attenuation of high stress gradients in an 
FEA mesh, particularly occurring around singular points. Stress singularities are 
typical features of FEA models, when the material properties are modeled as elastic, 
and when corners are modeled as perfectly sharp .26 In reality, small fillet radii and
local plastic deformation will reduce high stress gradients, thereby eliminating the 
stress singularity.1 As such, the SCL can be considered to simulate the effect of small 
fillet radii, and the absorption of energy attributable to local plastic deformation. The 
value of critical distance is likely to be related to the magnitude of the fillet radius, 
and to the size of the local plastic zone. However, the precise relation can not be 
defined. In linear elastic fracture mechanics, the size of the plastic zone can be 
estimated for example with the theory of Irwin .9 The radius of the plastic zone is 
related to the mode I stress intensity factor Kr Herzler and Mann7 estimated the K, 
values around the corner of the stem for the specimens used in the current study. 
A slightly higher value was found in the 7 mm thick specimens, as compared to the
3 mm thick specimens. This would correspond to our finding that the optimal value 
of the critical distance is slightly larger for the 7 mm thick specimens.
In pre-clinical testing of cemented THR implants, the FEA simulation of the 
dam age accum ulation fa ilu re  scenario  is applied to 3-D m odels of fem oral 
reconstructions .18 3-D Models used in earlie r studies contained approxim ately 
10,000  elements, because that number of elements was shown to be required to 
obtain overall convergence of stresses and strains at locations away from singular 
points.19 For these models the simulation of the mechanical failure process required 
approximately one week of computation time on a supercomputer with a 500 MHz 
R14000 processor. However, these models would be too coarse fo r effective 
application of the SCL. Assuming that the critical distance found in the current study 
would also be applicable to these 3-D meshes, a total of approximately 700,000 
elements would be required to model the cement mantle alone. Considering the 
computational power that is currently available, this would be unfeasible. This could 
partially be resolved by applying local mesh refinement only, at locations where crack 
form ation is anticipated, although th is would still lead to very dense meshes. 
Extrapolating from the results of the current study, the 3-D FEA models that are 
currently used allow accurate prediction of the failure mechanism of the cement 
mantle, but may not be able to predict the timescale of the failure process accurately. 
This means that if the mechanical failure process is analyzed for different implants, 
meshes with similar levels of mesh refinement should be used, in order to allow inter­
comparison of the FEA predictions on a relative basis.
In conclusion, the FEA simulation of the damage accumulation failure scenario 
predicted accurate failure patterns, that were independent of the level of mesh 
refinement. However, the predicted failure rates overestimated the experimental 
ones, and they increased with mesh density. Application of the SCL could result in 
failure rates that were independent of the level of mesh refinement. An optimal value 
of the critical distance could be determined from comparisons between FEA and 
experimental results, such that the experimental failure rates were reproduced 
accurately by the FEA simulations.
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Abstract
Finite element (FEA) models could be used for pre-clinical testing o f cemented hip 
rep lacem ent im p lan ts aga inst the dam age accum ulation fa ilu re  scenario. To 
accurately predict mechanical failure, the models should accurately predict stresses 
and strains. This should be the case for various implants. In the current study, two 
FEA m odels o f com posite hip reconstructions with two d ifferent im plants were 
validated relative to experimental bone and cement strains. The objective was an 
overall agreement within 10% between experimental and FEA strains. Two stem  
types with different clinical results were analyzed: the Lubinus SPII and the Mueller 
Curved with loosening rates o f 4% and 16% after ten years, respectively (Malchau 
et al, Prognosis o f total hip replacement, 63rd Annual Meeting o f the American 
Academy o f Orthopaedic Surgeons, Atlanta, GA, USA). For both implant types, six 
stem s were im p lan ted in com posite femurs. A ll specim ens were sub jected to 
bending. The Mueller Curved specimens were additionally subjected to torsion. Bone 
strains were recorded at ten locations on the cortex and cement strains at three 
locations within the cement mantle. An FEA model was built for both stem types and 
the experiments were simulated. Bone and cement strains were calculated at the 
experimental gauge locations. Most FEA bone strains corresponded to the mean 
experimental strains within two standard deviations; most FEA cement strains within 
one standard deviation. Linear regression between the FEA and mean experimental 
stra ins produced  slopes betw een 0.82 and 1.03, and R2 values above 0.98. 
Particularly for the Mueller Curved, agreement improved considerably when FEA 
strains were compared to the strains from the experimental specimen used to build 
the FEA model. The objective o f overa ll agreem ent w ithin 10% was achieved, 
indicating that both FEA models were succesfully validated. This prerequisite for 
accurately predicting long-term failure has been satisfied.
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Introduction
Initially, new cemented hip implants were introduced on the orthopedic market 
without prior pre-clinical testing. In some cases, this lead to unsatisfactory clinical 
results or even disasters, as for example in the case of the Christiansen total hip 
replacement (THR )1 and the iso-elastic hip stems.7,18 Proper pre-clinical testing might 
have prevented these d isasters. P re-c lin ica l tes ting  may help to reduce the 
frequency of implant loosening. A good example is the ISO 7206 experimental test 
for fatigue failure of the stem .21 A fter this test was introduced, stem breakage has 
become a minor reason for revision.15 Since then other mechanical failure processes 
have become more apparent. Particularly interface debonding and cement fatigue 
failure are now likely to cause long-term loosening of the implant, according to the 
damage accumulation failure scenario for cemented THR stems.11,12 New pre-clinical 
tests should be developed to test implants against these failure processes. These 
could be of an experimental nature, but finite element (FEA) simulations would be 
viable alternatives. FEA simulations allow the stress distribution to be determined 
throughout the entire reconstruction; not just in discrete points. They do not require 
physical copies of the implant, so testing can proceed from the design specifications. 
The effects of design changes can be analyzed quickly. They also allow hip joint 
reconstructions to be tested under complex, realistic loading configurations.
If FEA models are to be used for pre-clinical testing purposes, they should be 
used on a comparative basis. The pre-clinical tests should be able to discriminate 
between implants in a clinically relevant way. Our intention is to use FEA models 
of cemented hip jont reconstructions to simulate long-term damage accumulation 
in the cement mantle24 as pre-clinical tests against the damage accumulation failure 
scenario. A prerequisite for accurately predicting mechanical failure for different 
implants is that the FEA models accurately mimic the mechanical behavior of a hip 
reconstruction. This requires va lidation of FEA m odels o f cemented hip jo in t 
reconstructions with different implants relative to experimental measurements.
A num ber o f papers described the va lida tion  o f FEA m odels o f hip jo in t 
reconstructions relative to bone surface stra ins .16,19,26 However, in the case of 
cemented implants, bone surface strains may not be of primary interest. It is most 
important to know whether the internal cement strains are reproduced closely too. 
This has been investigated only in a few studies, with variable results.810 In all these 
validation studies, the fem urs were subjected to bending in the frontal plane. 
However, torsional loading may contribute considerably to failure of the implant.2 Due 
to the anisotropy of the femur (both real and composite ones) it is not obvious that 
an FE model will produce accurate stress and strain distributions under torsional 
loads, if it was validated under bending loads only.
The goal of the present study was to validate two FEA models, representing 
cemented THR reconstructions with two different implants in composite femurs,
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in sim ilar experim ental reconstructions. The objective was to reach an overall 
agreement within 10% between experimental and FEA strains, for both bending and 
torsional loading conditions. Once validated, the FEA models are to be used to 
develop pre-clinical tests that discriminate between implants in a clinically relevant 
way, based on accurate predictions of long-term failure. For that reason, we validated 
FEA models for two different stem types with a known difference in clinical loosening 
rates: the Lubinus SPII (Waldemar Link GmbH, Hamburg, Germany) and the Mueller 
Curved (JRI Ltd., London, UK). These systems have failure rates of 4% and 16% 
after ten years, respectively.15
Methods
Experiments
Twelve composite femurs were selected from stock (small left femur, mod 3103, 
Pacific Research Labs, Vashon Island, WA, USA). The femur models consisted of 
a polyurethane foam core, surrounded by glass-fiber reinforced epoxy, representing 
cancellous and cortical bone, respectively. Cristofolini et al5 showed that geometrical 
properties (length, inner/outer cortical diameter) and mechanical properties (bending 
and torsional stiffness) of these femurs fell w ithin the range of those of human
F ig  5 .1A -D . Experimental 
strain gauge locations. (A) Bone 
strains were measured on the 
medial and lateral side of the 
cortex at 5 levels distally to the 
intertrochanteric fossa. The stem 
tip levels in the reconstructions 
are indicated. (B) Cement strains 
were recorded with embedded 
gauges at 3 levels along the 
medial side of the Lubinus SPII 
stem. (C) Idem for the Mueller 
Curved stem. (D) The embedded 
cement gauges were positioned 
at a distance t from the stem 
surface. This distance was 1 mm 
in the case of the Lubinus SPII 
stem and 0.5 mm in the case of 
the Mueller Curved stem.
76
D
femurs. The reason for using composite femurs as opposed to cadaveric ones, was 
to minimize interspecimen variability. A system of reference axes was marked on 
the outer cortical surface of each femur.20 This allowed reproducible alignment of 
the femur and positioning of the strain gauges.3 Tri-axial strain gauges (Mod. KFG- 
3-120-D17-11L3M2S, Kyowa, Tokyo, Japan) were glued onto the medial and lateral 
side of the cortex at five levels distally to the intertrochanteric fossa (Fig 5.1A). These 
gauges were used to measure bone surface strains.
Six Lubinus SPII stems and six M ueller Curved stems were prepared to be 
cemented into the composite femurs. The modular Lubinus SPII stems were used 
in combination with a ceramic head with a head-neck length of 60mm. The Mueller 
Curved stems were monoblocks. Prior to insertion, the stems required special 
preparation for the use of embedded gauges to measure strains inside the cement 
mantle .4 Three gauge locations were marked on the medial side of each stem, in 
such a way that areas of high strain gradients jeopardizing the strain readout were 
avoided (Fig 5.1B-C). At these locations the stems were covered with a small layer 
of PMMA bone cement (Cemex RX, Tecres, Verona, Italy) with constant thickness, 
serving as a base for the embedded gauges (Fig 5.1D). Tri-axial strain gauges 
(Mod. KFG-1-120-D17-11L3M2S, Kyowa 
PMMA layers and subsequently coated 
with epoxy (EP34, Kyowa, Tokyo, Japan) 
to improve bonding between the gauge 
top surface and the acrylic bone cement.
The leadwires were positioned in small 
grooves being machined in the posterior 
and anterior surfaces of the stems. The 
grooves w ere filled  w ith ta lc  filled 
polyester putty (Mod. 140 Grifo, ICR,
Reggio Emilio, Italy) to restore the stem 
surface. A completely prepared Lubinus 
SPII stem is shown in Figure 5.2. The 
instrumented stems were implanted into 
com posite fem urs by an experienced 
surgeon. The insertion procedure was 
performed according to a protocol, that 
prescribed the neck resection surface 
and the order in which drills, reamers 
and rasps of different sizes were used.
This protocol was used for reducing the 
variability in stem position and cement 
mantle th ickness between the recon­
structions. Rasp sizes w ere chosen 
such that a cement mantle of 2 to 3 mm 
thickness was obtained. After insertion
, Tokyo, Japan) were mounted onto the
Fig 5.2. An instrumented Lubinus SPII stem, 
ready to be implanted into one of the composite 
femurs. Three rosette gauges are mounted on a 
thin layer of PMMA bone cement on the medial 
side of the stem. The leadwires are guided to the 
resection level through small grooves on the 
anterior and posterior aspects of the stem.
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reconstructions contained a gauge that did not function.
Bone and cem ent stra ins w ere measured in all 12 reconstructions under 
simplified heel-strike loading (Fig 5.3A ),3 subjecting the reconstructions to bending 
in the frontal plane. The femur was fixed distally in a PMMA box at 11o of adduction. 
A  cantilever system was used to apply a hip joint contact force to the prosthetic head, 
and an abductor force to a circular epoxy disc mounted on the greater trochanter. 
A  vertical force of 1 BW (567N) was applied to the cantilever at a pre-set horizontal 
distance from a reference mark on the femur. The direction of the abductor force 
was fixed at 40o relative to the femur long axis. The magnitude of the abductor force, 
as well as the magnitude and direction of the hip joint contact force, differed between 
the two stem types, because of slight differences in head offset (Fig 5.3). Each 
reconstruction was loaded 10 times, reassembling the load setup between the 
repetitions. Strains were averaged over these 10 loading repetitions.
RESULTANT FORCE 
BW = 567 N )
Fig 5.3A-B. Experimental loading Configurations. Bone and cement strains were recorded under two 
different loading configurations. (A) Heel strike loading was simulated by applying a hip joint contact force 
and an abductor force to the reconstruction through a cantilever system. A resultant force of 1 BW (567 N) 
was applied to the cantilever at a preset horizontal distance from a reference mark on the cortex. The 
direction of the abductor force was fixed. The cantilever was not included in the FEA models. Instead, 
the hip joint force and the abductor force were applied directly to the models. Mueller Curved model:
= 1262 N; Lubinus SPII model: F. = 1730 N, a  = 19.8o,' hip ' 'F.. = 1780 N, a  = 20.2", Fhip ' '
. bd t =1211 N. (B) A torsional load was applied to the Mueller Curved reconstructions only. A torque 
78 of 18.9 Nm was applied to the prosthetic head, with a small vertical load of 50 N.
For additional validation purposes, the six Mueller Curved reconstructions were 
tested in a torsional loading setup (Fig 5.3B). The reconstructed femurs were placed 
vertically. Distally, a rod was passed through the condyles in the medio-lateral 
direction, constraining the rotation of the femur. Proximally the prosthetic head and 
neck were clamped in a steel box that was loaded through a hinge. A torsional 
moment of 18.9 Nm about the femur long axis was applied, causing internal rotation 
of the prosthetic head. A small compressive force of 50 N was applied to the head, 
directed parallel to the long axis. Again, bone and cement strains were averaged 
over 10 loading repetitions.
The strain readouts from the embedded cement gauges had to be corrected for 
pressure acting normal to the gauge. In an earlier study Cristofolini and Viceconti4 
found that the strain readout, ei, from each of the three grids in a rosette gauge was 
a linear combination of the real strain acting in the direction of the grid, ei, and the 
pressure acting normal to the grid, o:
e i = £ i +  ar o for: i=1,2,3 (5.1)
Here, i is the number of the grid in the rosette gauge. The calibration constants a1, 
a2 and a3 (6.51, 7.88 and 9.95 ^e/MPa, respectively)4 were specifically determined 
for the type of embedded gauges used in this study. To correct the strain readouts, 
the pressure acting normal to each embedded gauge was estimated from the FEA 
simulations. By substituting the pressure, the strain readouts and the calibration 
constants in equation 5.1, the real cement strains, ei, could be determined.
The maximal and minimal principal strains within the plane of the gauge plane 
were calculated at all gauges locations. In addition, the in-plane angle between the 
direction of the maximal principal strain and the fem ur long axis was calculated. 
Measurements were compared between specimens, and outliers were detected 
based on the criterion of Chauvenet.6 This is a broadly accepted statistical test, that 
allows one to check whether a datapoint belongs to the same statistical distribution 
as all the others. If it does not, it should be considered as an outlier. Outliers were 
discarded during further processing. Outliers were detected for two cement gauges 
in the Mueller Curved reconstructions subjected to torsion. Furthermore, the data 
from one of the Mueller Curved reconstructions were discarded entirely, because 
that particular reconstruction produced virtually only outliers. The principal strains 
and the in-plane angles of the maximal principal strain were averaged over the 
remaining reconstructions for each gauge location, and the standard deviations were 
determined.
Finite Element Analyses
For both stem types one specific experimental reconstruction was selected as a 
basis for an FEA model. This reconstruction was considered to be representative 79
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radiographs. The implantation of the stems was simulated in a solid modeling 
software package (Rhinoceros, Robert McNeel & Ass., Seattle, WA, USA). A solid 
model of the composite femur, describing the endosteal and periosteal surface of 
the epoxy cortex, was already available .27 Solid models of both stem types were 
created with a nurbs modeling package after digitizing the stem surface (Rhinoceros, 
Robert McNeel & Ass., Seattle, WA, USA). The exact position of the stems relative 
to the fem ur was determ ined from  AP and ML rad iographs o f the selected 
reconstruction. A solid model of the cement mantle was created, taking into account 
the size and shape of the rasp and the cement mantle thickness, as measured from 
the radiographs. Thus, two solid model reconstructions were obtained, closely 
resembling the selected experimental reconstructions. Meshing of these solid model 
reconstructions was done manually, using self-written software. The meshes were 
built from 8-node isoparametric brick-elements. The resulting Mueller Curved model 
consisted of 7493 elements and 9050 nodes (Fig 5.4A). The resulting Lubinus SPII 
model consisted of 7412 elements and 9086 nodes (Fig 5.4B). The distal third of 
the femur was not included in the FEA models. Instead of replicating the epoxy discs 
mounted on the greater trochanter, load-transfer elements were used to distribute 
the abductor load over the greater trochanter.
Material properties were similar in both FEA models. The cortex was considered 
to be transversely isotropic. The mechanical properties of the cortex were estimated 
from those of isolated epoxy and glass-fibers, taking into account that the glass-
Fig 5.4A-B. Two FEA models were built and used to simulate the experiments. (A) An FEA model of a 
composite reconstruction with a Lubinus SPII stem. The modular head is not shown. (B) An FEA model 
of a composite reconstruction with a Mueller Curved stem. Transverse cross-sections of the models at 
the levels of the lesser trochanter and the stem tip are shown.
fibers in the epoxy run along the femoral long axis and at angles of ± 45o to the long 
axis. The stem, cement and polyurethane foam, representing the cancellous bone, 
were assumed to be isotropic and homogeneous. The material properties are given 
in Table 5.1. The contact between the stem and the cement/bone complex was 
modeled using a node-to-surface algorithm (MARC Research Analysis, Palo Alto, 
CA, USA) and was assumed to be completely bonded.
To simulate simplified heel-strike loading, the hip jo int and abductor forces, as 
exerted on the experimental reconstructions, were calculated from statics (Fig 5.3). 
The hip jo in t force was assumed to be concentrated in the head center. To simulate 
torsional loading, a force couple was applied to the prosthetic head in the transversal 
plane, producing a torque of 18.9 Nm. A small additional load of 50 N, directed 
distally, was applied to the head center. The torsional loading configuration was 
applied to the Mueller Curved reconstructions only, as was also the case in the 
experiments.
Maximal and minimal principal bone and cement strains, acting in the gauge 
planes, were calculated fo r locations corresponding to the experimental strain 
measurement sites. They were compared to the mean experimental strains, as well 
as to the strains from the specific experimental specimen used to build the FEA 
model. L inear regression analyses w ere perform ed to determ ine the overall 
correspondence between the experimental and numerical strains. Experimental 
strains were treated as independent variables, numerical strains as dependent ones. 
The linear regression analyses were perform ed fo r bone and cem ent strains 
separately. A slope and R2 value close to 1, in combination with a small intercept, 
would indicate good agreement between numerical and experimental strains. If the 
intercepts were small, slopes of 0.9 and 1.1 were considered to indicate overall 
d ifferences between experim enta l and num erical s tra ins o f - 10% and + 10%, 
respectively. As an additional indicator of the overall absolute difference between 
num erical and experim enta l stra ins the roo t-m ean-square-error (RMSE) was 
calculated, defined as the square root of the average of the squared errors between 
numerical and experimental strains. The RMSE was expressed as a percentage of 
the peak strain in the reconstruction.
Table 5.1. Material properties used in the FEA models.
Part of Model Material Type Elastic Modulus (GPa)a Poisson's Ratioa
Stem CoCr alloy 210.0 0.3
Cement Polymethylmethacrylate 2.28 0.3
Cancellous bone Polyurethane foam O.4O 0.3
Cortical bone Glass-fiber reinforced epoxy Ex, Ey — 7.0; Ez — 11.5 
Gyz, Gzx — 3.5; Gxy — 2.6
Vxy, Vzy, Vzx — 0.4
a The stem, cement and cancellous bone were modeled as isotropic. The cortex was modeled as 
transversely isotropic. See Figure 5.1 for definition of x, y and z directions. 81
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Results
Under simplified heel-strike loading conditions, maximal principal strains on the 
lateral side were directed axially, whereas minimal principal strains were directed 
circumferentially. The opposite occurred on the medial side, both at the bone surface 
and in the cement mantle. Under torsional loading conditions the maximal and 
minimal principal strains were directed at angles of approximately 45o with respect 
to the femur long axis. The compressive stresses normal to the embedded cement 
gauges (i.e. radial stresses), as estimated from the FEA models, were lower than 
0.5 MPa for both stems and both loading conditions. As a result, the correction of 
the experimental strain readouts resulting from equation 5.1 was less than 1% for 
all embedded gauges.
Direct comparison of the FEA strains to the mean experimental strains showed 
a close correspondence for both stem types (Fig 5.5). Under simplified heel-strike 
loading conditions, most FEA bone strains agreed within twice the standard deviation 
from the mean experimental strains. Major exceptions were found at gauge locations 
M2, M3 and L3 in the Mueller Curved reconstruction, where the differences between 
numerical and experimental bone strains were as high as six times the experimental 
standard deviation. Most cement strains agreed within one standard deviation for 
both stem types. In the Mueller Curved reconstructions subjected to torsion, most 
numerical and experimental bone strains agreed within one standard deviation, as 
was also the case for the cement strains.
In addition to the strain magnitudes, the in-plane angles between the principal 
strain directions and the femur long axis agreed closely between the FEA analyses 
and the experiments. This indicated that the numerical and experimental directions 
of the principal strains corresponded well. Where bone strains were concerned, 
numerical and mean experim ental angles corresponded w ithin 6 o fo r all three 
combinations of stem type and loading setup. Only for gauge M1 in the Mueller 
Curved reconstructions under bending loading, a difference in angle of 13o was 
found. Concerning the cement strains, the difference between experimental and 
numerical angles was approximately 13o at the most proximal gauge location, E1, 
for all three combinations of stem type and loading setup. Further distally the angles 
agreed within 5o.
L inear regression analyses w ere perform ed to determ ine the overall 
correspondence between numerical and mean experimental strains (Table 5.2, 
Fig 5.6). For the Lubinus SPII model the slopes of the regression lines were 1.03 
and 0.98 for the bone and cement strains, respectively. The intercepts were small, 
within 1.6% of the maximal bone and cement strains measured. For the Mueller 
Curved reconstructions under bending loading, the slopes were slightly further away 
from a value of 1.0; particularly for the cement strains. For the bone strains the slope 
was 0.90; for the cement strains it was only 0.82. Although the RMSE values for the
■2500 -2000 -1500 -1000
H  FEA
□  Exp
2500
T
minimal principal strains (^strain) maximal principal strains (^strain)
-2500 -2000 -1500 -1000 -500 500 1000 1500 2000 2500
-1000 1000
minimal principal strains (^strain)
C
maximal principal strains (^strain)
Fig 5.5A-C. Comparison of the FEA and mean experimental principal strains for each gauge location 
individually. (A) Principal strains in the Lubinus SPII reconstructions under simulated heel strike. (B) 
Principal strains in the Mueller Curved reconstructions under simulated heel strike. (C) Principal strains 
in the Mueller Curved reconstructions under torsional loading. The gauge locations are named as defined 
in figure 5.1. 83
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were still within 10% of the maximal bone and cement strains measured. For the 
Mueller Curved reconstruction under torsional loading, again, the regression fit was 
better for the bone strains than for the cement strains. The slopes were 1.01 and 
0.86 for the bone and cement strains, respectively. For this case too, the RMSE 
values were within 10%.
Linear regression analyses were repeated to check whether the agreement 
would improve if the FEA strains were compared to the experimental strains from 
the specific reconstruction used to build the FEA model (Table 5.3), as opposed to 
comparing them to the mean experimental strains. For the Lubinus SPII model the 
regression results were very similar to the values obtained before, both for the bone 
and cement strains. However, for the Mueller Curved model the regression results 
improved for both loading conditions; particularly those for the cement strains. For 
the simplified heel-strike loading case, the slope of the regression fit increased from
0.82 to 0.91 (compare data from Tables 5.2 and 5.3). For the torsional loading case 
the slope improved from 0.86 to 0.92.
The interspecimen variations in the experiments were generally lower for the 
Lubinus SPII reconstructions than for the Mueller Curved reconstructions, which was 
particularly the case for the cement strains. The coefficient of variation, expressing 
the standard deviation as a percentage of the mean strain, varied between 10% and 
17% for the cement gauges around the Lubinus SPII stem. For the Mueller Curved 
stem, this parameter varied between 12% and 38% for both loading conditions. The 
highest coefficients of variation were generally found proximally, at gauge locations 
E1, M1 and L1. The interspecimen variation of the principal strain directions were 
also found at these locations.
Table 5.2. Results of the linear regression analyses, comparing the mean experimental strains and the 
FEA strains.
Stem Type Load Case Gauge Location Slopea Intercept
(^strain)
R2 RMSEb
(%)
Lubinus SPII Heel strike Surface bone 1.03 -12.8 0.992 5.6
Embedded cement 0.98 -26.5 0.995 4.4
Mueller Curved Heel strike Surface bone 0.92 -60.4 0.981 8.5
Embedded cement 0.82 -28.9 0.998 8.7
Mueller Curved Torsion Surface bone 1.01 -20.6 0.988 7.7
Embedded cement 0.86 1.7 0.989 7.5
a The mean experimental strains were the independent variables and the FEA strains were the dependent 
variables. b RMSE (Root Mean Square Error): Square root of the mean of the squared errors between 
FEA and experimental strains. The RMSE is expressed as a percentage of the highest strain found in 
all six experimental reconstructions under the specified loading conditions.
Fig 5.6A-B. Linear regression analyses were performed to determine the overall correspondence 
between FEA and mean experimental strains. The graphs show the linear regression results for the bone 
and cement strains in (A) the Lubinus SPII reconstructions subjected to heel strike loading, and (B) the 
Mueller Curved reconstructions subjected to torsion. The mean experimental strains were the independent 
variables and the FEA strains were the dependent variables. The slopes and intercepts of the regression 
lines are given in Table 5.2.
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strains from the specific reconstructions used to build the FEA models.
Stem Type Load Case Gauge Location Slope Intercept“
(^strain)
R2 RMSEb
(%)
Lubinus SPII Heel strike Surface bone 1.04 -27.6 0.992 7.8
Embedded cement 0.98 -30.3 0.994 5.5
Mueller Curved Heel strike Surface bone 0.94 -50.0 0.977 8.8
Embedded cement 0.91 -32.7 0.987 7.9
Mueller Curved Torsion Surface bone 1.05 -24.0 0.981 10.0
Embedded cement 0.92 -8.6 0.957 8.9
a The experimental strains were the independent variables and the FEA strains were the dependent 
variables. b RMSE (Root Mean Square Error): Square root of the mean of the squared errors between FEA 
and experimental strains. The RMSE is expressed as a percentage of the highest strain found in all six 
experimental reconstructions under the specified loading conditions.
Discussion
The purpose of this study was to validate two FEA models of cemented hip joint 
reconstructions w ith Lubinus SPII and M ueller Curved stems, by com paring 
numerical bone and cement strains to experimental ones. The objective was to reach 
an overall agreement within 10%. Apart from some local deviations, numerical and 
mean experimental strain corresponded well for both stem types and both loading 
conditions. The regression analyses produced slopes and R2-values that were 
generally close to 1.0. The correspondence even improved when comparing the FEA 
strains to the experimental strains obtained from the particular specimen used to 
build the FEA model. In that case, all slopes were within the range of 0.9 to 1.1 and 
the RMSE-values were within 10%, indicating that the objective was achieved.
We excluded all the experim enta l data from  one specific  M ueller Curved 
specimen and from two individual gauges of other M ueller Curved specimens, 
because these were considered to be outliers. Note that if we would have included 
the outliers, the agreement between FEA and experimental strains would improve 
slightly and the objective of agreem ent w ithin 10% would still have been met. 
However, the interspecimen variation in the experiments would increase. The entire 
experimental procedure was aimed at minimizing the interspecimen variation. In the 
case of the discarded specimen, the com posite fem ur probably had irregular 
mechanical properties, although this could not be verified. Therefore we used the 
w idely accepted and recommended criterion of Chauvenet6 to make consistent 
decisions about whether to exlude experimental data.
A prerequisite for accurate FEA models is that they have a sufficient level of mesh 
refinement. In an earlier convergence study23 a total o f 20.000 nodal degrees of 
freedom (NDOF's) was found to be sufficient for FEA models built from 8-node 
isoparametric brick-elements, representing the proximal part of a reconstructed 
femur. The FEA models in the present study had approximately 27.000 NDOF's. The 
loading configuration in the convergence study represented the mid-stance phase 
of walking and was not exactly sim ilar to the loading configurations used in the 
current study. However, because it contained both in-plane and out-of-p lane 
components, we considered the results of the convergence test valid for both loading 
configurations used in the present study.
All FEA models of intact or reconstructed femurs that have been validated in the 
literature involved heel-strike loading conditions. Usually, only bone surface strains 
were validated. Several authors compared bone strains of voxel-based FEA models 
to experim ental stra ins fo r the intact fem ur.13,14,26 The level of agreem ent was 
generally lower than found in the current study. The slopes of the regression lines 
ranged from 0.75 to 0.94, whereas the R2-values ranged from 0.59 to 0.98. Viceconti 
et a l26 showed tha t m apped meshes, consisting  of isoparam etric  elem ents, 
performed better than voxel-based meshes for sim ilar levels of mesh refinement. 
For a sophisticated model of the intact femur, they reported an RMSE-value of 9.6% 
of the peak strain and an R2-vaues of 0.99. McNamara et al16 validated a mapped 
model of a reconstructed fem ur with a non-cem ented stem. The slopes of the 
regression lines were similar to the ones found in the present study, but the R2-values 
were slightly further away from 1.0, indicating more scatter in the data. Again, they 
only compared bone surface strains under bending loads. Only a few authors tried 
to va lidate  FEA models relative to internal strains. Harrigan et a l10 compared 
numerical cement strains to experimental ones for a cemented femoral reconstruction, 
but found a rather poor correlation with an RMSE-value of 14%. In a more recent 
study Estok et a l8 found good agreem ent between numerical and experimental 
cement strains, but the exact level of agreement can not be determined from the 
paper. Our study shows that high correlations between numerical and experimental 
strains can be obtained for both bone and cement strains, under both bending and 
torsional loading conditions.
The highest differences between the experimental and numerical strains were 
found at gauge locations M2, M3 and L3 in the case of the Mueller Curved stem. 
Cristofolini et al5 noticed that at this level the glass-fiber content of the cortex was 
relatively low, making it locally less stiff than expected. The high discrepancies 
between experimental and numerical strains were not apparent around the Lubinus 
SPII stem. This stem was approximately 50% longer than the Mueller Curved stem 
and bridged the level of M3-L3, making the local cortical properties less important 
for the overall mechanical behavior at that level.
The mechanical behavior of the composite femur is difficult to reproduce in FEA 
analyses, due to the complex and inhomogeneous structure of the cortex. We 
assumed the cortex to be transversely isotropic with a maximal elastic modulus of
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s only 11.5 GPa (Table 5.1). These properties are probably more accurate than what 
is generally used in the literature. The cortex is usually considered to be isotropic 
with a Young's modulus of 14.2 GPa, as is suggested by the manufacturer.9,16,17 
Although a modulus of 14.2 GPa is representative for fiber-reinforced epoxy, the 
overall modulus of the cortex is much lower.25 The reason is that the cortex is covered 
with a relatively thick layer of pure epoxy, having a Young's modulus of only 5 GPa 
or lower. Furthermore, modeling the cortex as isotropic instead of transversely 
isotropic yields a less realistic mechanical behavior. In an earlier study22 we found 
that for bending loads the mechanical properties of the cortex could be simplified 
from transverse ly  iso trop ic to isotrop ic ones, w ithou t much loss o f accuracy. 
However, under torsional loading conditions the accuracy of the FEA models was 
considerably worse when the transverse isotropy of the cortex was simplified to 
complete isotropy. Note that particularly in the intertrochanteric region the accuracy 
of the cortical properties may be improved when transverse isotropy is based on the 
local coordinate system of each element, as opposed to the global coordinate 
system.
The cement strains predicted by the FEA models depended considerably on the 
stem-cement interface conditions assumed. We assumed that the interface was 
com plete ly bonded. We performed additional FEA analyses tha t showed that 
maximal principal cement strains at the gauge locations increased drastically (up 
to a factor of 18) when the stem debonded from the cement mantle with friction 
present (^=0.25). In the debonded case, the numerical cement strains were far from 
the experimental strain values, making the assumption of a bonded stem-cement 
interface reasonable. Sectioning of the experimental specimens was impossible, 
since the specimens were to be re-used for other experiments. Moreover, from our 
own experience we know that sectioned specimens do not always provide conclusive 
evidence about the interface conditions, because both bonded and debonded 
interfaces can show direct contact between stem and cement.
Discrepancy between the collar support conditions in the FEA models and the 
experim ental reconstructions may have caused the relative ly high differences 
between the FEA and experimental principal strain directions at the most proximal 
gauge locations. In the FEA m odels the co lla r was in d irect contact w ith the 
supporting bone. This was not alway clear in the experimental reconstructions. It was 
difficult to obtain a reproducible collar support in the experimental specimens, which 
may be the reason for the relatively high interspecimen variations for the strains at 
the most proximal gauge locations.
It proved to be difficult to obtain a reproducible stem placement in the Mueller 
Curved reconstructions. This may correlate with the fact that the clinical results for 
the Mueller Curved stem are worse than for the Lubinus SPII stem .15 Stem placement 
in the six Lubinus SPII reconstructions was very reproducible, as could be judged 
from AP and ML radiographs. In contrast, the Mueller Curved reconstructions had 
considerable variation in varus-valgus placement, antero-posterior tilt, and cement 
thickness. This was also reflected by the higher interspecimen variation of the
experimental cement strains between the Mueller Curved reconstructions. However, 
although the experimental cement strains around the Mueller Curved stem showed 
higher interspecimen variation, the mean values were reasonably similar to those 
around the Lubinus SPII. In contrast, bone strains were much higher around the 
Mueller Curved.
A pre-clin ica l test should be able to d ifferentiate between stems based on 
accurate predictions of long-term failure of cemented hip reconstructions. A first 
requirement for the FEA models that are used in these tests, is that they accurately 
mimic the mechanical behavior of a cemented hip jo int reconstruction. The two FEA 
models used in this study were succesfully validated and were shown to have that 
ability. The FEA models were even able to p ick up slight d ifferences in stem 
placement and cement mantle geometry, as the FEA model of the Mueller Curved 
reconstruction produced strains that agreed closer to the experimental strains from 
the specific specimen used to build the model, than to the mean experimental 
strains. The next step in the development of a pre-clinical test is to use the validated 
models to simulate long-term failure according to the damage accumulation failure 
scenario. The predictions should be further validated by means of by means of long­
term fatigue tests and clinical survival data.
In conclusion, this study proved that FEA models of hip joint reconstructions with 
two stem types with a well-known difference in clinical loosening rate, can reproduce 
experim enta l s tra ins w ith in  an overa ll agreem ent o f 10%. The FEA models 
accurately reproduced bone and cement strains; not only under bending, but also 
under torsional loads. In addition, the FEA models were able to pick up slight 
changes in stem position and cement thickness. Hence, the FEA models adequately 
mimicked the mechanical behavior of the reconstructions, indicating that this first 
prerequisite for an accurate prediction of long term mechanical failure of cemented 
reconstructions has been satisfied. This knowledge provides a solid basis for further 
developm ent o f standardized pre-clin ica l tests fo r cemented hip replacem ent 
implants against the damage accumulation failure scenario.
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Using finite element analyses, we investigated which muscle groups acting around 
the hip jo in t most prom inently affected the load distributions in cemented total hip 
reconstructions with a bonded and debonded femoral stem. The purpose was to 
determine which muscle groups should be included in pre-clinical tests, predicting 
bone adaptation and mechanical failure o f cemented reconstructions, ensuring an 
adequate representation o f in vivo loading o f the reconstruction. Loads were applied 
as occurring during heel-strike, mid-stance and push-off phases o f gait. The stress/ 
strain distibutions within the reconstruction, produced by the hip jo in t contact force, 
were compared to ones produced after sequentially including the abductors, the 
iliotibial tract and the adductors and vastii. Inclusion o f the abductors had the most 
pronounced effect. They neutralized lateral bending o f the reconstruction at heel- 
strike and increased medial bending at mid-stance and push-off. Bone strains and 
stem stresses were changed accordingly. Peak tensile cem ent stresses were 
reduced during all gait phases by amounts up to 50% around a bonded stem and 
11% around a debonded one. Additional inclusion o f the iliotibial tract, the adductors 
and the vastii produced relatively small effects during all gait phases. Their most 
prom inent effect was a slight reduction o f bone strains at the level o f the stem tip 
during heel-strike. These results suggest that a loading configuration including the 
hip jo in t contact force and the abductor forces can adequately reproduce in vivo 
loading o f cemented total hip reconstructions in pre-clinical tests.
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Introduction
P re -c lin ica l tes tin g  o f hip rep la cem en t im p lan ts  m ay help to reduce  the fa ilu re  
p ro b a b ility  o f cem e n ted  to ta l hip re p la ce m e n t (T H R ) re co n s tru c tio n s . A  good 
exam ple is the standardized test ISO 7206,25 which is an experim ental test for fatigue 
fa ilu re  o f the fem ora l stem. S ince th is  tes t w as in troduced the  incidence o f stem  
breakage  has been reduced co n s id e ra b ly  and is now  on ly  a m ino r reason fo r 
revis ion.19 In the case o f cem ented THR im plants other m echanical fa ilure processes 
lead ing to asep tic  loosening, such as cem ent creep, cem ent cracking, in te rface 
fa ilu re , p a rtic le  fo rm a tio n  and ad ve rse  bone re m o de lin g , have becom e m ore 
apparent.15 Experim ental and numerical non-standardized tests are performed to test 
im plants against these fa ilure scenarios .14 These tests analyze the reconstruction 
as a whole, ra ther than the isolated implant. It is im portan t tha t the loading situation 
in such a tes t accurate ly  represents in vivo loading o f the reconstruction, to ensure 
tha t fa ilu re  occurs at locations s im ila r to in situ fa ilu re  sites. However, a com plex 
loading configuration including all m uscles tha t act around the hip jo in t is infeasible, 
particu larly  in experim enta l tests. A  choice should be made to include on ly those 
m uscles tha t have a m ajor in fluence on the load-transfer in a THR reconstruction, 
the reby affecting the m echanical fa ilure o f the reconstruction.
There seem s to be no general agreem ent about w h ich m uscle groups should 
be included in p re -c lin ica l tes ts  to ensure tha t the y  produce rea lis tic  in form ation 
about the fa ilure probability  o f THR reconstructions. C ris to fo lin i6 and Colgan et a l5 
lis ted a la rge nu m ber o f num erica l and exp e rim e n ta l s tud ies in w h ich  hip jo in t 
reconstructions w ere pre-c lin ica lly  tested, also listing the m uscle forces tha t were 
included in the tes t setups. In m ost cases a hip jo in t force w as applied to the head 
o f the prosthes is  w ith ou t any add itiona l m uscle fo rces o r on ly  a set o f abducto r 
forces. In some cases an additional iliotibial tract was included. Only a few  numerical 
studies included a more extensive set o f m uscles. It is largely unknown how muscle 
forces affect the load distribu tions w ith in the reconstructions tested and, hence, the 
predictions o f these tests. This inform ation is essentia l when developing a loading 
configuration tha t ensures rea listic predictions in pre-clin ica l tests.
The purpose o f th is  s tudy w as to  de te rm ine  w h ich  m uscle  fo rces  should be 
included in pre-clin ica l tests  predicting bone adaptation and m echanical fa ilure in 
cem ented THR reconstructions. W e investigated which m uscle groups acting around 
the hip jo in t w ere  the princip le ones affecting the load d is tribu tions in a cem ented 
THR reconstruction during walking. F inite e lem ent analyses (FEA) were perform ed 
to analyze the load-transfer in the case o f a bonded and a debonded E xeter stem 
(Howm edica, Staines, UK) at three phases o f the gait cycle. The deflection o f the 
reconstruction and the stress/stra in  d is tribu tions in the stem, cem ent and bone, as 
produced by the  hip jo in t force alone, w ere com pared to the ones produced after 
the abductors, the iliotib ial tract, the adductors and vastii were additiona lly included.
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F ig  6.1 . The CT-based, 3-D Fig 6.2 . A maximum of 19 muscle forces were included
FEA model used in the current the FEA model in loading configuration 4. The arrows
study, representing the proximal indicate the attachment locations and the lines of action of
part of a reconstructed femur the muscles on the anterior (left) and posterior (right) side
with a cemented Exeter stem. of the femur. The lines of action represent those occurring
Only the anterior half of the at 10% gait. The numbers correspond to the muscle
model is shown. numbers in Table 6.1.
Materials and Methods
A  3-D FEA model (Fig 6.1) was created, representing a THR reconstruction w ith a 
cem ented E xeter stem  (Howm edica, Staines, UK). The geom etry o f the fem ur was 
obtained from  27 CT-scans o f the proximal part o f a right human fem ur.16 The cement 
m antle had a m inim al th ickness o f 2 mm. D istal to the stem  tip a void w as present, 
as crea ted by a cen tra lizer. The resu lting  m odel cons is ted  o f 2226 8-node  iso­
param etric brick-e lem ents and 3438 nodes. Both the case w ith a bonded, as well 
as the case w ith a debonded stem -cem ent interface were analyzed. In the later case, 
a total o f 272 gap-elem ents were positioned at the stem -cem ent interface to simulate 
th e  n o n - lin e a r  b e h a v io r o f a de bo n d e d  in te rfa c e  (M A R C  A n a ly s is  R esea rch  
Corporation, Palo Alto, CA). A  friction coeffic ien t o f 0.25 w as used, which is realistic 
fo r polished sta in less steel su rfaces .21,29
All m aterials were assum ed to be isotropic, and linear elastic. A  Young's modulus 
o f 200  G Pa and a P o isso n 's  ra tio  o f 0 .28  w e re  ass ig n e d  to  the  stem . The 
corresponding va lues fo r the cem ent were 2.2 GPa and 0.3. The Poisson 's ratio for 
bone was 0.35. An individual Young's m odulus w as assigned to each bone element,
Table 6.1. Muscles included in the current study, and their magnitudes.
Nr Name of Muscle Muscle Force Included ina Force Magnitude (BW) at
LC1 LC2 LC3 LC4 10% Gait 30% Gait 45% Gait
1 Gluteus maximus part 1 X X X 0.183 0.198 0.191
2 Gluteus maximus part 2 - X X X 0.145 0.161 0.133
3 Gluteus maximus part 3a - - X X 0.136 0.0 0.0
4 Gluteus maximus part 3b - - X X 0.136 0.0 0.0
5 Gluteus medius part 1 - X X X 0.140 0.125 0.147
6 Gluteus medius part 2-3 - X X X 0.232 0.307 0.309
7 Gluteus minimus part 1-3 - X X X 0.089 0.173 0.197
8 Psoas major - - - X 0.0 0.038 0.112
9 Iliacus - - - X 0.0 0.068 0.143
10 Tensor fasciae latae a - - X X 0.062 0.074 0.130
11 Tensor fasciae latae b - - X X 0.062 0.074 0.130
12 Quadratus femoris - - - X 0.065 0.0 0.0
13 Pectineus - - - X 0.0 0.0 0.003
14 Adductor brevis - - - X 0.0 0.0 0.0
15 Adductor longus - - - X 0.0 0.0 0.006
16 Adductor magnus cran. - - - X 0.126 0.0 0.000
17 Vastus medialis - - - X 0.396 0.0 0.013
18 Vastus intermedius - - - X 0.0 0.0 0.092
19 Vastus lateralis - - - X 0.0 0.0 0.332
a This column lists which muscles were included in the four loading configurations (X means ‘included').
based on the average apparent density p fo r tha t specific  elem ent, as determ ined 
from  the CT-scans. The apparent density w as related to the Young's m odulus by:4
E =  C p 3 with: C=3790 M P a/(g/cm 3) (6.1)
To define the m uscle forces acting around the proxim al fem ur we used a data-set 
by Brand et a l,1-3 m od ified  by D uda9 to  a llow  w rapp ing  o f m uscles around bony 
structures. Brand et a l3 split all glutei m uscles in three parts, each exerting its own 
fo rce  on the  fem ur. In ou r m odel the  th re e  pa rts  o f the  g lu teu s  m in im us w ere 
com bined into one single force, as was also done w ith parts 2 and 3 o f the gluteus 
m e d iu s .9 T he  sm a ll ex te rn a l ro ta to rs  (ge m e lli, o b tu ra to r i and p ir ifo rm is ) w ere  
assum ed to be dissected during surgery and were not included in our model. The 
iliotib ia l tract was represented by the tensor fasciae latae and part 3 o f the gluteus 
m axim us, both running from  the  pe lv is to  the  tib ia , w rapped around the g rea te r 
trochanter. To model the w rapp ing o f these muscles, D uda9 sp lit them  into parts a 
and b running from  the greater trochan te r to the pelvis and the tibia, respectively. 
For both parts he defined a pseudo-insertion at the greater trochanter. A  resulting 
to ta l o f 19 m uscle  fo rces  w ere  inc luded in ou r FEA m odel (F ig 6.2, Table 6.1). 
Insertions and origins o f the m uscles were obtained from  D uda.9 The coordinates
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ts Fig 6.3. The three components of the hip 
joint contact force throughout the gait cycle. 
Load transfer in the THA reconstruction was 
analyzed at 10%, 30% and 45% of the gait 
cycle. See Figure 6.1 for definition of the x, 
y and z directions. Adapted from Duda GN, 
Schneider E, Chao EY. Internal forces and 
moments in the femur during walking. 
J Biomech 30: 933-941, 1997.
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of the fem ora l insertions were transferred to our model by an osteom etric  scaling 
process  using co o rd in a te s  o f bony la n d m a rk s .26 T h is  resu lted  in the  po in ts  of 
a ttach m en t o f all m usc les on the  fem ur. To de te rm ine  the  fo rce  d irec tions , the 
m uscles were assum ed to act along a stra ight line from  the ir fem ora l insertion to 
the insertion on e ither the pelvis, the tib ia  or the patella. Knowing the hip and knee 
jo in t angles th roughout the ga it cyc le ,3 the position o f the patellar, tib ia l and pelvic 
insertions could be determ ined relative to the fem ora l ones. The resulting lines of 
action  w ere  trans fe rre d  to ou r FEA m odel by repea ting  the  os te om etric  scaling 
process. The force m agnitudes th roughout the gait cycle w ere taken from  Brand et 
a l.3 They were scaled to a bodyw eight o f 735 N.
A  hip jo in t force w as applied to the cen ter o f the prosthetic head. Its m agnitude 
and direction were obtained from  Duda et a l.11 A fte r scaling to a bodyweight of 735 N, 
the hip jo in t force was rotated to the coord inate system  used in our model (Fig 6.3). 
Add itiona l boundary conditions implied tha t the model was fixed at its distal end.
The load-transfer in the THR reconstruction w as investigated at 10%, 30%  and 
45%  o f the gait cycle (Fig 6.3). A t 10% o f the gait cycle, ju s t a fte r heel strike, the 
tors iona l com ponent o f the jo in t force has a high value and m uscle activ ity is h igh .3 
The m id-stance phase is reached at 30%  o f the gait cycle. A t 45%  o f the gait cycle, 
ju s t before toe off, the axial com ponent o f the hip jo in t force reaches its maximum. 
To s tu d y  th e  in flu e n c e  o f v a r io u s  m usc le  g ro u p s  on th e  lo a d - tra n s fe r  in the  
reconstruction w ith a bonded and a debonded stem, each phase o f the ga it cycle 
was analyzed w ith fou r loading configurations (Table 6.1):
LC 1: hip jo in t con tact force, no m uscles active
LC 2: hip jo in t contact force, abducto r m uscles active
LC 3: hip jo in t force, abductors and m uscles inserting into iliotib ia l tract active
LC 4: hip jo in t con tact force, all m uscles active
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To com prehend the action o f the various m uscle groups, we com pared the deflection 
o f the  reconstruction between the fou r loading cases. Subsequently, the e ffect of
m usc le  fo rc e s  on th e  in d iv id u a l pa rts  o f th e  re c o n s tru c tio n  w as an a lyze d  by 
com paring stem  and cem ent s tresses between the fou r loading cases, as well as 
bone stra ins and strain energy density (SED) distributions.
Results
Inclusion o f abducto r m uscle fo rces in addition to the hip jo in t force had a m ajor 
im pact on the deflection o f the reconstruction, w hereas additional inclusion o f the 
iliotibial tract, the vastii and the adductors had relatively small effects. D isplacem ents 
o f the  head cen te r w e re  s im ila r fo r cases w ith  a bonded and a debonded stem  
(d iffe re n ce s  w ith in  0 .05  m m ) and, hence, the  e ffe c ts  o f m usc le  fo rce s  on the 
deflection of the reconstruction were sim ilar for a bonded and a debonded stem. The 
abductors considerab ly affected the m edio-latera l de flection o f the reconstruction, 
but hardly a ffected the  poste rio r de flection  (Table 6.2). A t 10% gait, they large ly 
n e u tra lized  the  la te ra l com p o n e n t o f the  d is p la c e m e n t o f the  head center, as
Table 6.2. Effect of inclusion of muscle forces on several variables.
Gait Loading Displ. Head Center in case Peak Axial Peak Tensile
Phase Conf. of debonded stem (mm)a Stem Stress (MPa)b Cement Stress (MPa)c
AX AY AZ Bonded Debonded Bonded Debonded
Stem Stem Stem Stem
10% LC1 1.78 -1.40 0.35 42.1 47.4 4.61 3.89
LC2 0.52 -1.05 0.04 30.6 33.3 2.35 3.83
LC3 0.21 -0.93 -0.04 30.8 34.1 1.95 4.30
LC4 -0.02 -0.97 -0.10 30.9 34.2 1.81 4.26
30% LC1 0.81 -0.86 0.06 40.8 51.6 3.52 6.02
LC2 -0.81 -0.75 -0.35 53.1 59.0 2.05 5.65
LC3 -0.90 -0.66 -0.37 52.2 59.5 2.04 5.55
LC4 -0.94 -0.55 -0.37 51.1 58.3 2.04 5.51
45% LC1 0.01 -1.66 -0.20 67.4 85.3 3.61 9.85
LC2 -1.70 -1.70 -0.63 87.6 99.5 3.49 8.77
LC3 -1.85 -1.56 -0.66 86.5 98.7 3.45 8.81
LC4 -1.84 -1.26 -0.66 82.6 95.8 3.30 8.78
a Displacements of the center of the prosthetic head for the case of a debonded stem. See Figure 6.1 
for definition of x, y and z direction. Displacements in the case of a bonded stem were within 0.05 mm 
difference and are not listed. b Peak values of the stem stress in the z direction as defined in Figure 6.1. 
c Peak values of the maximal principal stress in the cement mantle.
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ts produced by the hip jo in t force alone. A t 30%  and 45%  gait the lateral com ponent 
was converted to a m edial one after activation o f the abductors. Add itional inclusion 
o f the iliotibial tract, the vastii and the adductors caused the prosthetic head to move 
slightly an tero-m edia lly  during all phases o f the ga it cycle.
For both a bonded and a debonded stem  the effects o f m uscle forces on stem 
stresses w ere sm all proxim al to the lesser trochanter, w hereas fu rther d ista lly stem 
stresses w ere  m ain ly  a ffected by inc lus ion o f the abducto r fo rces in the loading 
configuration (Fig 6.4). The abductors reduced lateral bending o f the stem  at 10% 
gait and increased m edial bending o f the stem  at 30%  and 45%  gait. As a result the 
peak tens ile  stem  stresses as produced by the  hip jo in t force alone (LC1), were 
decreased at 10%  gait, and increased at 30%  and 45%  ga it by inc lus ion o f the 
abducto r fo rces (Table 6.2). A ctiva tion  o f additiona l m uscle groups had re lative ly 
sm all e ffects, the  m ost pronounced being a reduction  o f peak stem  s tresses by 
roughly 5% at 45%  o f the gait cycle. A lthough stress levels in a debonded stem  were 
genera lly  h igher than those in a bonded stem, the effects o f m uscle forces on stem 
stresses w ere  very  s im ilar in both cases.
The  ce m e n t s tre s s e s  a ro un d  a bonded  and a de bo nd ed  s tem  w e re  m ost 
prom inently  affected by activa tion o f the abductors, w hereas additional activation 
o f o ther m uscle groups had re la tive ly sm all effects. Inclusion o f the abductors had 
the m ost pronounced effect on cem ent stresses around a bonded stem, where they 
reduced tensile stresses proxim ally-la terally and around the tip, but increased tensile
100
Fig 6.4. Stem stresses in axial direction (z direction as defined in Figure 6.1) along the lateral and medial 
side of a debonded stem, as occurring at 45% gait. Stresses are plotted for all four loading configurations. 
Negative stresses are compressive, positive ones tensile.
stresses at m id-stem  levels (Fig 6.5). This effect w as noted during all phases o f the 
ga it cycle. Peak tensile  cem ent stresses around a bonded stem  were decreased by 
as much as 50%  at 10% gait (Table 6.2). In the case o f a debonded stem  the tensile 
s tre s s  le v e ls  in th e  c e m e n t m an tle  w e re  h ig h e r and a p p e a re d  to  be m a in ly  
de te rm ined  by the  hip jo in t fo rce . The on ly  e ffec t o f the  abducto rs  w as a s ligh t 
reduction o f tensile  stresses around the stem  tip during all phases o f the gait cycle. 
The peak tensile  cem ent stresses around a debonded stem  changed less than 11 % 
when abducto r m uscle forces were included in the model (Table 6.2). Peak tensile 
cem ent stresses w ere  m axim al at 45%  o f the gait cycle.
Both in the case o f a bonded and a debonded stem, bone surface stra ins and 
SED values were m ost prom inently affected by inclusion o f the abducto r forces in 
the loading configuration, in addition to the hip jo in t contact force. A t intertrochanteric 
levels they am plified medial bending o f the fem ur during all phases o f the gait cycle, 
leading to increased SED values (Fig 6 .6 ) and bending strains (Tables 6.3, 6.4) in 
these  reg ions. In the  d iap hys is  th e y  neu tra lized  bone load ing at 10%  gait, but 
amplified bone loading at 30%  and 45%  gait. Additional inclusion o f the iliotibial tract, 
the adductors and the vastii had the m ost pronounced in fluence at 10% o f the gait 
cyc le  around the level o f the  stem  tip. Locally, the y  reduced bend ing s tra ins  by 
approxim ate ly  30%  o f the strain reduction caused by inclusion o f the abductors in 
the  loading con figu ra tion  (Tables 6.3, 6.4). T he ir in fluence on bone load ing was 
lim ited at 30%  and 45%  o f the ga it cycle.
LC 1 LC 2 LC 3 LC 4
Fig 6.5. Tensile stresses (maximal principal stresses) in the cement mantle around a bonded stem at 
three levels along the reconstruction, as occurring at 30% gait. Stresses are shown for all four loading 
configurations. The levels for which the stresses are plotted are: just distally to the resection level (top), 
mid-stem level (middle) and stem-tip level (bottom). The lateral, posterior, medial and anterior side of 
the sections are indicated by L, P M and A, respectively.
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LC 1 ........
LC 2 -------
LC 3 -  -  
LC 4 ------ *
Fig 6 .6A-C . Bone SED distributions 
along the pereosteal surface at 45% 
gait, in the case of a debonded stem- 
cement interface. Bone SED values are 
plotted for three levels along the 
femur: (A) an intertrochanteric level, 
(B) the mid-stem level, and (C) the 
stem-tip level. No muscles had their 
attachment at any of these three 
levels. Each graph shows the SED 
value versus the position along the 
circumference of the femur. A cross­
section of the model at each of the 
three levels is shown in the 
corresponding graph, to indicate the 
position along the circumference. The 
lateral, posterior, medial and anterior 
side of the cross-sections are 
indicated by L, P M A, respectively.
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Table 6.3: Axial bone surface strains in the case of a bonded stem.
Gait Loading Axial Bone Surface Strain (microstrain) at Sitea
Phase Conf. 1 2 3 4 5 6
10% LC1 -130 334 1712 30 -407 -1476
LC2 -239 -97 484 267 51 -468
LC3 -262 -216 166 282 159 -239
LC4 -266 -253 -309 281 201 -46
30% LC1 -362 -196 724 198 55 -806
LC2 -509 -765 -862 498 677 526
LC3 -512 -795 -952 495 699 583
LC4 -505 -788 -994 493 693 619
45% LC1 -596 -685 -84 347 535 -205
LC2 -754 -1292 -1747 666 1204 1204
LC3 -761 -1346 -1907 666 1248 1309
LC4 -743 -1313 -1922 661 1369 1261
a Axial bone surface strains were evaluated at three sites along the medial 
side and at three sites along the lateral side of the femur. The positions of 
sites 1 to 6 are indicated in the figure next to the table. Axial strains are 
strains in the z direction as defined in Figure 6.1.
Table 6.4: Axial bone surface strains in the case of a debonded stem.
Gait Loading Axial Bone Surface Strain (microstrain) at Sitea
Phase Conf. 1 2 3 4 5 6
10% LC1 -140 314 1716 -64 -419 -1492
LC2 -243 -107 485 275 46 -474
LC3 -266 -232 165 287 150 -244
LC4 -272 -271 -312 284 193 -50
30% LC1 -367 -233 725 103 35 -823
LC2 -538 -806 -866 478 654 520
LC3 -525 -827 -955 471 682 579
LC4 -519 -818 -998 469 677 619
45% LC1 -605 -754 -89 181 500 -220
LC2 -754 -1341 -1756 586 1181 1202
LC3 -770 -1403 -1916 584 1220 1305
LC4 -757 -1376 -1933 579 1338 1255
a Axial bone surface strains were evaluated at three sites along the medial 
side and at three sites along the lateral side of the femur. The positions of 
sites 1 to 6 are indicated in the figure next to the table. Axial strains are 
strains in the z direction as defined in Figure 6.1.
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In th is  study we investigated which m uscle groups acting around the hip jo in t were 
the main ones affecting the load distribution in a cem ented THR reconstruction with 
a fem ora l prosthetic stem, as produced during walking. The aim  was to determ ine 
w hich m uscle forces should be included in FEA and experim enta l pre-clin ica l tests, 
predicting m echanical fa ilure and peri-prosthetic bone adaptation in cem ented THR 
reconstructions.
The stress/stra in  d istribu tions w ith in  the reconstruction w ere prim arily affected 
by inclusion o f the abducto r forces in the loading configuration, in addition the hip 
jo in t force. By pulling the reconstruction medially, they had a m ajor im pact on the 
stress/stra in  d is tribu tions in all parts o f the reconstruction during all phases o f the 
ga it cycle. A lthough s tem -cem ent debond ing com ple te ly  a lte red the load-transfer 
in the reconstruction, causing h igher cem ent stresses in particular, the abductors 
rem ained the m ost influencial m uscle group. Add itional inclusion o f the iliotibial tract, 
the adducto rs and the vastii caused re la tive ly  sm all changes to the stress/stra in  
d is tribu tions. T he ir m ost prom inent e ffect w as a reduction o f bone loading in the 
diaphysis at 10% gait. These results suggest tha t fo r pre-clin ica l tests investigating 
m echan ica l fa ilu re  o f a cem ented  T H R  reco ns truc tio n , a load ing con figu ra tion  
including the hip jo in t contact force and the abducto r forces would be sufficient.
Bone loading in the proxim al fem ur was predom inantly affected by activation of 
the abductor muscles. Add itiona l activa tion o f the iliotib ia l tract, the adductors and 
the vastii affected the bone strain and SED distribu tions in the d iaphysis early in the 
gait cycle only. This suggests tha t a loading configuration including the hip jo in t force 
and abducto r forces adequate ly reproduces in vivo bone loading in pre-clin ical tests 
investigating bone adaptation and stress shield ing around cem ented THR implants. 
It m ust be no ted, how ever, th a t th is  s tud y  on ly  a n a lyzed  bone load ing  in the 
reconstructed  femur, w hereas stress shie ld ing and bone adapta tion analyses are 
usually based on a change in bone loading in the reconstructed  fem ur re lative to 
the intact one .7,16 It is not obvious tha t a loading configuration including a hip jo in t 
force and abducto r forces also adequate ly reproduces in vivo loading in the intact 
femur. In literature there  is much debate about th is  subject, pa rticu larly about the 
functioning o f the iliotibial tract and its effects on bone loading. Ling et a l18 and Taylor 
et a l28 cla im  tha t the iliotib ia l trac t could considerab ly reduce m edio-latera l bending 
o f the diaphysis and that it should therefore be included in pre-clin ical tests predicting 
peri-prosthetic  bone adaptation. However, the loading situation in the d iaphysis is 
not o f m ain in te re s t in p re -c lin ica l tes ts  p red ic ting  bone ad ap ta tion  and stress 
shie ld ing, since these processes are m ost prom inent at in te rtrochanteric  leve ls .20 
In a s tudy s im ila r to the curren t one, Duda et a l10 sequen tia lly  activa ted several 
m uscle groups and analyzed the ir effects on bone loading in the intact fem ur during 
walking. Their results showed tha t reasonably accurate bone loading in the proximal
fem ur could be obtained using a loading configuration including the hip jo in t force, 
ab du c to r fo rces  and the  ilio tib ia l trac t. However, the y  did not com pare  load ing 
configurations w ith and w ithou t the iliotib ia l tract, as w as done in the current study, 
and can not conclude w hether the iliotibial tract should be included or not. Cristofolin i 
et a l7 e xp e rim e n ta lly  m easured s tra in  d is tr ib u tio n s  in the  in tact p rox im a l fem ur 
a lte rna ting ly  activating 10 d ifferent muscles. A s in the current study, they found that 
the abductors were the main m uscles affecting the load distribution in the proxim al 
femur. R ohlm ann et a l23 showed tha t includ ing an add itiona l ilio tib ia l trac t hardly 
in fluenced bone loading in the intact proxim al femur. From  these results and those 
found in the current study, a loading configuration including the hip jo in t force and 
the abducto r forces seem s suffic ient in pre-clin ica l tests  predicting bone adaptation 
and stress shield ing in the around cem ented THR implants.
In th is study the iliotibial tract was modeled as a com bination o f the tensor fasciae 
latae and a part o f the g luteus maxim us, both running from  the pelvis to the tibia, 
w rapped around the greater trochanter. In literature there is no consensus about the 
activ ity and the m agnitude o f the force exerted by the ilio tib ia l tract, nor about how 
it should be modeled. In the data-set used in th is  study 3 the forces in the iliotibial 
trac t ranged from  7.4%  to 19.2%  bodyweight, depending on the phase o f the gait 
cycle. It w as under tension during all three phases analyzed. In contrast, according 
to Jacob et a l17 it is on ly loaded during heel strike, w hereas according to M cLeish 
and C harn ley22 it is s lack during the entire stance phase o f gait. Force m agnitudes 
in d iffe re n t s tud ies  va ry  be tw een 4%  and 76%  b o d y w e ig h t.6 In ad d ition  to  the 
d isagreem ent about the loading o f the ilio tib ia l tract, the re  seem s to be no general 
agreem ent about how the iliotib ia l trac t should be modeled. Rohlm ann et al23 and 
Taylor et a l28 m odeled the iliotib ia l tract as a tension band, running from  the greater 
tro c h a n te r to  the  tib ia  (F ig  6 .7A ). T hey  ap p lied  a te n s ile  fo rce  to  the  g re a te r 
trochan te r to account fo r its effect, wh ich m akes the iliotib ia l tract behave m ore like 
the vastus la tera lis .18 A  second type o f approach is used by Rybicki et a l24 and Finlay 
et a l,12 m odeling the iliotibial tract as running from  the pelvis to the tibia, not wrapping
F ig  6 .7A -C . In literature three ways of 
modeling the iliotibial tract (ITB) can be 
found: (A) as a lateral tension band running 
from the greater trochanter to the tibia, (B) 
as a lateral tension band running from the 
pelvis to the tibia, and (C) as a lateral 
tension band running from the pelvis to the 
tibia, wrapped around the greater trochanter.
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ts around the  g re a te r tro ch a n te r, hence, no t exe rtin g  d ire c t fo rce s  to  th e  fem ur 
(Fig 6.7B). In such an approach the iliotib ia l trac t could ju s t as w e ll be accounted 
fo r by adapting the hip jo in t con tact force, which w ould seem  m ore conven ien t in 
experim ental loading configurations. A  th ird type o f approach was used in th is study, 
fo llow ing Duda et a l9 and Ling et a l18, m odeling the iliotib ia l tract as a tension band 
run n ing  fro m  the  pe lv is  to  th e  tib ia , w ra p p in g  a ro un d  the  g re a te r tro c h a n te r 
(Fig 6.7C). Its resu ltan t force pushes the proxim al part o f the fem ur medially. It is 
d ifficu lt to say w hich w ay o f modeling is m ost realistic, m ainly because it is unknown 
how the iliotib ia l tract is loaded and how it exerts force on the fem ur under in vivo 
cond itions.17 Based on the lack o f consensus about the action o f the iliotib ia l tract 
and on the sm all effect it had on the load-transfer in the proxim al fem ur before and 
a fte r THR, as shown by our resu lts and those o f o ther au tho rs ,7 23 it is jus tified  to 
exclude the iliotib ia l trac t from  the loading configuration.
A  cons ide rab le  num ber o f m uscle force data sets can be found in literature, 
m ostly orig inating from  m athem atica l m uscle m odels. Accord ing to Colgan et a l5 it 
is q u e s tio n a b le  w h e th e r the  m usc le  fo rces  p re d ic te d  by th e se  m ode ls  are all 
representative o f in vivo m uscle loading around the hip jo int. The m uscle and jo in t 
forces tha t were used in our study orig inated from  a m uscle model by Brand et a l,13 
modified by Duda9 to allow  w rapping o f m uscles around bony structures. One reason 
to use the ir m uscle fo rce  data w as tha t it is de tailed and w e ll docum ented. More 
im portant, however, is tha t Brand et a l2 valida ted the ir m uscle model by com paring 
the hip jo in t force, as predicted by the ir m uscle model, to m easurem ents w ith an 
instrum ented hip. The hip jo in t forces showed reasonable agreem ent.
In the current study we only m odeled the proxim al ha lf o f the femur, including 
on ly those m uscles tha t attached to tha t particu lar part o f the femur. The model was 
fixed distally. A ll m uscles tha t acted around the dista l part o f the femur, as well as 
the knee jo in t and pate llar forces were accounted fo r in the reaction forces at the 
d is ta l fixa tio n  o f the  m odel. The d is ta nce  from  the  s tem  tip  to  the  fixa tio n  was 
approx im ate ly  tw ice  the  d iam ete r o f the d iaphysis, wh ich, accord ing to the Saint 
V e n a n t's  p rin c ip le , e n su re d  th a t b o u n d a ry  e ffe c ts  d id  no t in flu e n c e  th e  load 
distribution around the stem.
In a separa te study w e extensive ly va lida ted tw o FEA m odels s im ila r to the one 
currently analyzed, by experim ental strain gauge m easurem ents.27 Num erical and 
experim enta l bone and cem ent strains showed an overall agreem ent w ith in  10%. 
The fem ur geom etry in the tw o va lida ted FEA m odels w as obta ined from  a CAD 
model o f a femur, w hereas the fem ur geom etry in the current model w as obtained 
from  CT-scans. However, the valida ted m odels were built in the sam e w ay as the 
model used in th is study. The va lida tion was perform ed fo r a loading configuration 
including on ly hip jo in t and abductor forces.
This study was confined to analyzing a cem ented THR reconstruction w ith one 
particu lar fem ur and one particu la r im plant design. The specific  fem ur we used to 
build the FEA model was selected from  a to ta l o f 166 cadaver fem urs in stock. A fte r 
m easuring the d im ens ions o f all fem urs, th is  fem ur w as considered to  have the
dim ensions closest to average. Hence, the conclusions drawn in th is study m ay not 
be valid for odly shaped femurs. However, using a typical fem ur is an inherent aspect 
o f a s tandard ized p re -c lin ica l test. The im p lan t tha t w e analyzed, w as a doub le ­
tap e red  co lla rle ss  stem . F o r th is  type  o f stem , debond ing  o f the  s tem -cem e n t 
interface drastically changes the load-transfer as com pared to a bonded stem .13 This 
is particularly clear from  the com plete ly different stress patterns in the cem ent mantle 
produced around a bonded and a debonded stem. However, a lthough the load­
trans fe r pa tte rns w ere  changed, the abducto rs  w ere  still the main m uscle group 
affecting the stress/strain distributions in all parts of the reconstruction when the stem 
was com plete ly debonded. Relative to the effect produced by debonding o f the stem- 
cem ent interface, adding a collar or making the stem  more flexible w ill probably have 
a less pronounced effect on the  overall load -transfe r pattern. C o lla red and more 
flexib le  im plants w ill produce a more proxim al load-transfer from  stem  to bone than 
the im plant m odeled in th is study.8,13 This generally increases the stress/stra in levels 
in bone and cem ent in the  proxim al region o f the recontruction  and, conversely, 
reduces these in the distal regions o f the reconstruction. This makes the distal region 
o f lower in terest w hen predicting m echanical fa ilure o f the reconstruction. S ince the 
ilio tib ia l tract, the  adducto rs  and the vas tii w ere  noted to a ffec t the s tress/stra in  
patterns prim arily d ista lly at the level o f the stem  tip, the effects o f these m uscles 
on m echanical fa ilure o f the reconstruction are probably sm all fo r collared and more 
flex ib le  stems. However, fo r im plants o ther than stem m ed ones, such as surface 
rep lacem ent o r trans-ep iphysia l prostheses, th is  may not be the case. Hence, the 
conclusions as drawn in th is study are valid fo r stem m ed im plants only.
This study showed tha t the load d istribu tion in a cem ented THR reconstruction 
is prim arily  affected by inclusion o f the abducto rs in the loading con figuration , in 
addition to the hip jo in t contact force. Add itiona l inclusion o f the iliotib ia l tract, the 
adducto rs  and the  vas tii had re la tive ly  sm all effects on stem , cem ent and bone 
loading. This would lead to the conclusion tha t a loading configuration including the 
hip jo in t con tact force and the abducto r forces can adequate ly  reproduce in vivo 
loading o f a cem ented THR reconstruction in pre-clin ical tests predicting m echanical 
fa ilure o f the reconstruction and peri-prosthetic  bone adaptation.
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Stair climbing may be detrimental to cemented total hip reconstructions, because 
it subjects the reconstruction to high torsional loads. The current study investigates 
how sta ir climbing contributes to damage accumulation in the cement around a 
femoral stem compared with walking, taking into account the different frequencies 
o f these activities during patient functioning. In finite element analyses, the damage 
accum ulation process in the cem ent m antle around a Lubinus SPII stem was 
simulated for three different loading histories: 1) isolated walking, representative for 
patients who climb no stairs; 2) isolated stair climbing; 3) alternating walking and 
stair climbing in a ratio o f nine to one cycles, representative for patients who climb 
m any stairs. Relative to iso la ted  walking, iso la ted  sta ir clim bing increased the 
amount o f cement damage by a factor o f 5. Inclusion o f 10% stair climbing cycles 
in the loading history, increased the amount o f damage by 47% relative to isolated 
walking. Stair climbing produced damage along the entire stem, whereas isolated 
walking produced damage proximomedially and around the tip only. In conclusion, 
this study confirms that stair climbing is more risky for failure o f cemented femoral 
stems than walking. A few sta ir climbing cycles during daily patient functioning  
increases the amount o f cement damage dramatically.
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Introduction
Lo ng -te rm  fa ilu re  in cem e n ted  to ta l hip re p la ce m e n t (T H R ) can be re la ted  to 
m echanical events, such as interface disruption, fatigue failure o f the cem ent mantle, 
or partic le fo rm ation .7,10,20,27,29 By investigating retrieved THR specim ens, debonding 
o f the stem -cem ent in terface and subsequent cracking o f the cem ent m antle were 
iden tified  as com m on events prom oting  fa ilu re  o f the  fem ora l com p o n e n t.12,15,29 
Accord ing to H u iskes10 these events are the firs t steps in the dam age accum ulation 
fa ilure scenario. They are succeeded by stem  m icrom otion and subsidence, caused 
by the reduced load carry ing capab ilities  o f a cracked cem ent m antle. A brasion 
particles are formed, promoting osteolysis, which eventually leads to gross loosening 
o f the im plant. The dam age accum ula tion  scenario  is considered to be the m ost 
im portant fa ilure scenario fo r the fem ora l com ponent o f cem ented hip rep lacem ent 
reconstructions.
The dam age accu m u la tion  fa ilu re  scenario  im p lies  th a t the  endu rance  o f a 
cem ented  reco ns truc tio n  is re la ted  d irec tly  to  the  load ing o f the  im p lan t during 
patient activities. This w as confirm ed in a fo llow -up study by K ilgus et a l.16 There is 
a large varia tion in activ ity levels between patients23,28 and som e activ ities may be 
m ore dam ag ing  to the  reco ns truc tio n  than  others. It has been suggested  tha t 
particu larly sta ir clim bing is detrim enta l to the reconstruction .1 2 626 Com pared with 
level walking at a normal pace (5 km/hour), sta ir c limbing produces hip contact forces 
o f a s im ilar magnitude but directed more anteroposteriorly.2517 Therefore, during stair 
c lim b in g  the  im p lan t is sub je c te d  to  h ig h e r to rqu es . H a rriga n  and H a rris6 and 
O ’C onnor et a l.26 showed tha t during s ta ir clim bing the cem ent stresses and strains 
are higher proxim om edially and around the tip o f the stem, when com pared w ith level 
walking. However, these authors on ly analyzed cem ent loading under static loading 
cond itions in the d irec t-pos tope ra tive  s itua tion , w here  the  cem ent m antle is still 
com p le te ly  intact. A lthough  s ta ir c lim b ing m ay produce h igher cem ent stresses 
initially, the long-term  effects on the dam age accum ulation process in the cem ent 
mantle are unknown. Furthermore, patients do not clim b stairs as an isolated activity, 
but a lternate it w ith o ther activities. Level walk ing probably is a much more frequent 
activ ity.2328 M orlock et al23 m easured the activ ity patterns o f 38 patients who had a 
THR and noted tha t only 20%  o f these patients did one or more sta ir clim bing cycles 
for every nine w alking cycles. Because the num ber o f sta ir clim bing cycles generally 
is low relative to the num ber o f walk ing cycles, it is questionable w hethe r the rate 
o f dam age accum ulation in the cem ent m antle really is much higher in patients who 
c lim b m any sta irs , com pared  w ith  pa tien ts  w ho do not c lim b any sta irs . If s ta ir 
c lim bing is to be considered a risky activity, it should be known how sta ir clim bing 
affects the dam age accum ulation process in the cem ent m antle in the long-term , 
p a rtic u la r ly  in a re a lis tic  load ing  h is to ry  w h e re  s ta ir  c lim b in g  and w a lk in g  are 
alternated.
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dam age  a ccu m u la tio n  p rocess  in the  cem e n t a round  a T H R  stem , re la tive  to 
wa lk ing, pa rticu larly  w hen tak ing into accoun t the re la tive ly  low frequency o f this 
activity. More specific, the firs t question w as w hethe r the dam age accum ulation rate 
w ou ld  be h igher during a load ing h is to ry  o f iso la ted  s ta ir c lim b ing, re la tive  to a 
load ing h is to ry  o f iso la ted w a lk ing , and w h e the r s ta ir c lim b ing w ou ld  produce a 
d iffe ren t fa ilu re  m echan ism  than w a lk ing . The second question w as w h e the r the 
dam age accum ulation rate would really be much higher in a loading history in which 
sta ir clim bing a lte rnates w ith walk ing in a rea listic ratio, relative to a loading history 
o f isolated walking. This question addressed the difference in the am ount o f cem ent 
dam age found in patients who clim b stairs often and in patients who do not climb 
stairs at all. To answ er these two questions, the dam age accum ulation process in 
the cem ent m antle w as sim ulated by m eans o f fin ite  e lem ent analysis (FEA), as 
occurring  around a Lubinus SPII stem  in a le ft com posite  fem ur. The am ount of 
dam age tha t accum ulated in the cem ent mantle, the location o f the dam age and the 
stem  m igration tha t occurred attributable to the dam age accum ulation process, were 
com pared  fo r th ree  d iffe re n t load ing h is to ries : iso la ted  s ta ir  c lim b ing , iso la ted 
walking, and alternating sta ir clim bing and walking in a ratio o f 1:9 cycles.
Abductors
Proximal part of 
iliotibial tract
Distal parts of 
iliotibial tract and 
tensor fasciae latae
Vastus lateralis
Proximal part of 
tensor fasciae latae
Vastus medialis
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Fig 7.1A -B . A finite element model was used to analyze the contribution of walking and stair climbing 
to the damage accumulation process in the cement around a total hip arthroplasty stem. The model 
represents the proximal part of a left composite femur with a cemented Lubinus SPII stem. (A) A view 
on the posterior side of the entire model, showing the lines of action and the points of attachment of 
the muscles that were included in the model. (B) A longitudinal cross-section of the model.
Materials and Methods
A  3-D FEA model was created (Fig 7.1), representing a cem ented hip reconstruction 
w ith  a Lub inus SPII stem  (W a ldem ar L ink  G m bH, H am burg, G erm any) in a left 
com posite fem ur (fem ur model 3103, Pacific Research Laboratories, Vashon Island, 
WA). O nly the proxim al part o f the fem ur w as m odeled. The geom etry o f the cem ent 
m an tle  and th e  p o s itio n  o f th e  s tem  w e re  d e te rm in e d  fro m  rea l co m p o s ite  
reconstructions w ith the sam e stem  type, as created by an experienced surgeon. 
The model contained 9086 nodes and 7412 eigh t-node brick-elem ents. A  previous 
study showed tha t th is level o f model refinem ent was suffic ient to obtain accurate 
stress and strain p red ic tions.31 The cortex w as m odeled as transve rse ly  isotropic, 
w hereas  all o th e r parts o f the  m odel w ere  assum ed to  be iso trop ic . The e lastic  
p ro pe rties  o f all m a te ria ls  are lis ted in Table 7.1. The e la s tic  p ro pe rties  o f the 
com posite bone were taken from  S to lk  et a l.30 The elastic properties o f the acrylic 
cem ent w ere  taken  from  M urphy and P re n d e rg a s t,24 and are rep resen ta tive  fo r 
Cem ex RX low v iscosity  bone cem ent (Tecres, Verona, Italy). The FEA model was 
va lida ted  succe ss fu lly  by extens ive  stra in  gauge m easurem ents , con firm ing  its 
rea lis tic  m echan ica l behav io r.30 The s tem -cem e n t in te rface  w as assum ed to be 
debonded com ple te ly and friction was assum ed to be present at the in terface with 
a fric tion coeffic ien t o f 0 .25.2233 The calcu la tions were done w ith the FEA software 
package MARC (M SC Softw are Corporation, Palo Alto, CA).
Two loading configurations were studied, which represented the loading situation 
around the hip during the m ost strenuous phases o f the walk ing and s ta ir clim bing 
cycle, respectively. These two loading configurations were proposed by Bergm ann 
et a l1,3 and Helle r et al8 fo r m echanical testing o f hip rep lacem ent reconstructions. 
A part from  the hip contact force, the loading configurations included the forces of 
the glutei, the tensor fasc iae latae, the ilio tib ia l tract, and the vastus la teralis and 
m edia lis (Fig 7.1). The forces o f the glutei w ere  grouped into one abducto r force. 
The ilio tib ia l trac t and the ten so r fasc iae  latae w ere  assum ed to form  continuous
Table 7.1. Mechanical properties used in the finite element model.
Part of Model Material Type Elastic Modulus (GPa)a Poisson's Ratioa
Stem CoCr alloy 210.0 0.3
Cement Polymethylmethacrylate 2.28 0.3
Cancellous bone Polyurethane foam 0.40 0.3
Cortical bone Glass-fiber reinforced epoxy Ex, Ey — 7.0; Ez — 11.5 
Gyz, Gzx — 3.5; Gxy — 2.6
Vxy,Vzy,Vzx — °.4
a The stem, cement and cancellous bone were modeled as isotropic. The cortex was modeled as 
transversely isotropic. See Figure 7.1 for definition of x, y and z directions. 115
Ch
ap
te
r 
7
St
air
 c
lim
bi
ng
 
is 
mo
re 
de
tri
m
en
ta
l 
to 
the
 
ce
m
en
t 
m
an
tle
 
tha
n 
w
al
ki
ng bands w rapp ing around the greater trochanter. To model the wrapping, these bands 
w ere split in a proxim al and a dista l part, both exerting the ir own force on the femur. 
The m agnitudes o f the forces during walk ing are shown in Table 7.2. The forces of 
the iliotib ia l trac t and the vastus m edia lis were assum ed to be zero during walking. 
The force m agnitudes during sta ir clim bing are shown in Table 7.3. The hip contact 
fo rce  and the  a b d u c to r fo rce  had s im ila r m ag n itu des  du ring  w a lk in g  and s ta ir 
climbing. However, the anteroposterior com ponent o f these forces was considerably 
la rger during sta ir clim bing, subjecting the reconstruction to a h igher tors iona l load.
From the two loading configurations, three loading histories were built. In the first 
loading history, the isolated walking history, the walk ing loads w ere applied to the 
FEA m odel repea ted ly  to rep resen t 25 m illion cyc les o f w a lk ing . In the  second 
load ing history, the  iso la ted s ta ir c lim b ing history, the  s ta ir c lim b ing loads were 
applied repeatedly to represent 25 m illion cycles o f sta ir climbing. In the third loading 
his to ry, the  a lte rn a tin g  h is to ry, s ta ir  c lim b in g  and w a lk in g  loads w e re  app lied  
alternatingly in sequences o f 250,000 cycles o f stair-clim bing and 2.25 m illion cycles 
o f walking, until 25 million cycles w ere reached. Therefore, sta ir c limbing and walking 
loads w e re  app lied  in a ra tio  o f 1:9. T w en ty -five  m illion  cyc les co rre spo nds  to 
approxim ate ly  8 to 10 years o f patient activ ity.23
Dam age accum ulation in the cem ent mantle was sim ulated for the three loading 
h is to ries . Full d e sc rip tio n s  o f the  te ch n ica l de ta ils  o f the  FEA s im u la tio n  w ere  
reported by Verdonschot and H u iskes33,34 and are beyond the scope o f the current 
study. However, a brie f descrip tion is required to a llow  correct in terpretation o f the 
w o rk  th a t w as  done . D am age a c c u m u la tio n  in th e  ce m e n t w a s  s im u la te d  by 
com bin ing FEA w ith the theory o f continuum  dam age m echan ics.1819 In continuum  
dam age m echanics, m icrocracks are assum ed to accum ulate in a cyclically-loaded 
m aterial as a function o f the local stress levels and the num ber o f loading cycles. 
Accum ulation o f m icrocracks leaves the m aterial m acroscopically intact, until, locally, 
a critica l am ount o f m icrocracks has accum ula ted. In tha t case a m acrocrack is 
form ed, causing the  m ate ria l to  lose its in teg rity  and load carry ing  capab ilities.
Tab le  7.2. Hip joint and muscle force magnitudes and points of attachment during walking.
Name of Force Magnitude of Force Components (% BW)a 
X (medially) Y (anteriorly) Z (proximally)
Point of 
Attachment b
Hip contact -54.0 -32.8 -229.2 Head center
Abductors (glutei) 58.0 4.3 86.5 P1
Tensor fasciae latae, proximal part 7.2 11.6 13.2 P1
Tensor fasciae latae, distal part -0.5 -0.7 -19.0 P1
Vastus lateralis -0.9 18.5 -92.9 P2
Reproduced with permission, from Bergmann G, Heller M, Duda GN: Preclinical Testing of Cemented Hip 
Replacement Implants: Pre-normative Research for a European Standard; Final Report of Workpackage 5: 
Development of the Loading Configuration. In Bergmann G (ed). HIP98. Berlin, Free University 2001. 
a 1 bodyweight (BW) — 750 N. b See Figure 7.1 for definition of points P1 to P2.
M icrocracks usually are referred to as dam age and m acrocracks are referred to as 
cracks. Figure 7.2 shows a s im plified iteration schem e o f the dam age accum ulation 
sim ulation, as it w as applied in the current study. During the sim ulation, dam age 
accum ulation was m onitored fo r each o f the e igh t in tegration po in ts in all cem ent 
elem ents. Each iteration started by calcula ting the stresses in the cem ent mantle 
with the FEA code tha t were caused by applying the external walking or sta ir climbing 
fo rces to the  m odel. These stresses w ere  assum ed to rem ain constan t during a 
tim estep, which represents a certain num ber o f loading cycles. Subsequently, the 
am oun t o f dam age tha t accum u la ted  du ring  th is  tim e s te p  w as ca lcu la ted  from  
fatigue laws fo r Cem ex RX cem ent,24 relating the dam age growth to the num ber of 
loading cycles and the local stress levels. The last step in the iteration was to check 
w hethe r the dam age had reached a critica l level in certain in tegration points. In that 
case a c rack w as m odeled by adap ting  the  s tiffness m atrix  o f those  in tegra tion  
po in ts , e n su rin g  th a t th e  c e m e n t cou ld  no lo n g e r ca rry  load in th e  d ire c tio n  
perpendicu lar to the crack. A  new iteration was then started. This iterative process 
continued until 25 m illion cycles were reached. Because the stress s ituation in the 
cem ent m antle is typ ica lly  o f a 3-D na ture ,6 34 a 3-D continuum  dam age m echanics 
approach w as used. This a llow ed d iffe rent am ounts o f dam age to accum ula te  in 
d iffe rent directions, eventua lly  allow ing three perpendicu lar cracks to occur at each 
integration point in the cem ent mantle. The a lgorithm  as described by Verdonschot 
and Huiskes33,34 w as m odified s lightly in the current study, to allow  other fa tigue laws 
to be im plem ented and to make the algorithm  independent o f the FEA software.
The fo llow ing  ou tpu t o f the  s im u la tions  w as used to com pare  the  am ount of 
dam age accum ulation in the cem ent m antle during isolated walking, isolated stair 
c lim bing, and a lte rna ting  w a lk ing and s ta ir c lim bing: the num ber o f cracks in the 
cem ent mantle, the d istribution o f the cracks throughout the mantle, the peak tensile
Table 7.3. Hip joint and muscle force magnitudes and points of attachment during stair climbing.
Name of Force Magnitude of Force Components (% BW)a 
X (medially) Y (anteriorly) Z (proximally)
Point of 
Attachmentb
Hip contact -59.3 -60.6 -236.3 Head center
Abductors (glutei) 70.1 28.8 84.9 P1
Iliotibial tract, proximal part 10.5 -3.0 12.8 P1
Iliotibial tract, distal part -0.5 -0.8 -16.8 P1
Tensor fasciae latae, proximal part 3.1 4.9 2.9 P1
Tensor fasciae latae, distal part -0.2 -0.3 -6.5 P1
Vastus lateralis -2.2 22.4 -135.1 P2
Vastus medialis -8.8 39.6 -267.1 P3
Reproduced with permission, from Bergmann G, Heller M, Duda GN: Preclinical Testing of Cemented Hip 
Replacement Implants: Pre-normative Research for a European Standard; Final Report of Workpackage 5: 
Development of the Loading Configuration. In Bergmann G (ed). HIP98. Berlin, Free University 2001. 
a 1 bodyweight (BW) — 750 N. b See Figure 7.1 for definition of points P1 to P3.
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ng stress in the cem ent mantle, and 
the  a m o un t o f m ig ra tio n  o f the  
stem  w ith in the cem ent mantle. In 
the  s im u la tio n , s tem  m ig ra tion  
w ith in  the  cem ent m antle  could 
occur, attributable to the formation 
o f c racks in the cem ent m antle. 
Formation and opening o f a crack 
red uce s  the  c irc u m fe re n tia l 
con finem en t o f the  stem . W hen 
the  s tem  is not m e c h a n ic a lly  
bonded to the cem ent mantle, the 
loss o f rad ia l c o n fin e m e n t w ill 
a llow  the stem  to m igrate w ith in 
the cem ent mantle.
F ig  7.2 . A schematical representation of the finite 
element algorithm used to simulate the accumulation of 
microcracks (damage) in the cement mantle.
Results
S ta ir clim bing w as much more detrim enta l to the cem ent m antle than walking. This 
was c lear when com paring the to ta l num ber o f cracks in the cem ent m antle during 
isolated walking and during isolated s ta ir clim bing (Fig 7.3). A fte r 25 m illion cycles 
o f s ta ir clim bing, a to ta l o f 4950 cracks had been form ed in the cem ent m antle and 
20.9%  o f all cem ent e lem ents contained a crack. In contrast, a fte r 25 m illion cycles 
o f walking, on ly 937 cracks had been form ed and only 3.9%  o f all cem ent elem ents 
contained a crack. A fte r 25 m illion cycles o f alternating walk ing and s ta ir climbing, 
1360 cracks had been form ed and 5.7%  o f all cem ent elem ents contained a crack. 
Hence, com pared w ith  iso la ted w a lk ing , an inc lus ion o f on ly 10% s ta ir c lim bing 
c y c le s  in th e  lo a d in g  h is to ry  in c re a se d  th e  a m o u n t o f c e m e n t da m ag e  w ith  
approxim ately 45%. For the alternating loading history, the graph o f the tota l num ber 
o f cem ent cracks vs. tim e (Fig 7.3), showed a sudden increase in the num ber of 
cracks each tim e s ta ir clim bing loads are applied to the model.
During isolated s ta ir clim bing, cracks were form ed m edia lly and la terally along 
the fu ll length o f the  stem  (F ig 7.4). C rack  fo rm a tion  started  around the tip  and 
proxim om edially below the collar. Soon after that, crack form ation occurred medially, 
ha lfw ay a long the  length o f the  stem . The th ree  dam aged reg ions con tinued  to 
expand in axia l d irection  until they  in te rconnected . During iso la ted w a lk ing , the 
regions w ith dam age rem ained concentrated la terally around the tip and proxim o­
m edia lly be low  the collar. During the alte rnating loading history, cracks were also 
found on the m edial side at the m id-stem  level.
5000r
4000-
walking
- stair climbing
- alternating walking / stair climbing
j j
2 3000f 
o
.a
E□
1000
5 10 15 20
Simulated time (million cycles)
Fig 7 .3. The total number of 
cracks in the cement mantle as 
a function of the number of 
loading cycles for the three 
loading histories.
The peak tensile  stress in the cem ent m antle, which can be considered the driving 
force behind the dam age accum ula tion  process, w as con tinuous ly  h igher during 
isolated sta ir clim bing as com pared w ith isolated walking (Fig 7.5). During the first 
loading cycle, the peak tensile stress was 31.5 MPa in the case o f sta ir clim bing and 
21.6 MPa in the case o f walking. In both cases, a sharp decrease in the peak tensile 
stress w as observed during the  firs t m illion cycles. A fte r approx im ate ly  1 m illion 
cycles, the peak tensile  stress continued to a lternate between 9 and 16 MPa during 
isolated sta ir clim bing, w hereas it decreased rather m onotonously from  10 to 6 MPa
W alking Stair climbing
A lternating 
walking and sta ir climbing
posterior anterior
Fig 7.4A-C . The distribution of cracks in the cement mantle after 25 million cycles of (A) isolated 
walking, (B) isolated stair climbing, (C) alternating walking and stair climbing. The cement mantle is split 
open along the midfrontal plane; the inside of the posterior part of the cement mantle is shown on the 
left, the inside of the anterior part on the right. The gray regions represent the cracked regions. 119
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F ig  7 .5 . The peak tensile 
stress in the cement mantle as 
a function of the number of 
loading cycles for the three 
loading histories. The small 
black bars along the x axis 
indicate the phases during 
which stair climbing loads were 
applied to the model in the 
alternating loading history.
during isolated walking. For alternating walk ing and s ta ir clim bing, the initial peak 
s tress w as equa l to  tha t o f iso la ted s ta ir c lim b ing, because th is  load ing h istory 
started w ith a sequence o f s ta ir c lim bing cycles. W ith tim e, a steep rise o f the peak 
ten s ile  s tress w as observed each tim e  s ta ir c lim b ing loads w ere  app lied  to the 
model. O ccasionally, the peak tensile  stress increased to va lues h igher than those 
observed during isolated stair-clim bing.
During all three loading histories, the head cen ter o f the stem  m igrated m ostly 
posteriorly, som ewhat less m edially and on ly s lightly dista lly (Fig 7.6). This indicates 
tha t the m igration pattern o f the stem  w as governed by rotation o f the stem  around 
its long axis, attribu table to tors iona l loading. A fte r 25 m illion cycles o f isolated stair 
climbing, the medial and posterior com ponents o f the m igration were a factor o f 2.75 
h igh e r than those  a fte r 25 m illion  cyc les o f iso la ted  w a lk ing . A t the  end o f the 
a lternating loading history, the m edial and posterio r com ponents w ere  1.15 to 1.2 
tim es higher than those after 25 m illion cycles o f isolated walking. Hence, com pared 
to the loading history o f iso lated walking, inclusion o f 10% sta ir clim bing cycles in 
the loading history increased the am ount o f stem  m igration by 15 to 20%.
Discussion
The aim  o f the current study was to de term ine how sta ir clim bing contribu tes to the 
dam age accum ulation process in the cem ent mantle around a THR stem, com pared 
w ith walking, when taking into account tha t the frequency of sta ir c lim bing in the daily 
ac tiv ity  pa tte rns is m uch low er than tha t o f w a lk ing . The dam age accum ula tion  
process in the cem ent m antle w as sim ulated fo r th ree  d iffe rent loading histories: 
isolated s ta ir clim bing, isolated walking, and sta ir clim bing alternating w ith walking
in a rea listic ratio. The isolated walking history w as assum ed to be representative 
fo r pa tien ts w ho do not c lim b stairs, w hereas the  a lte rna ting  loading h istory was 
assum ed to be representative for patients w ho clim b many stairs. The loading history 
o f iso lated sta ir clim bing m ay be less rea listic than the o ther two loading histories. 
It w as included in the current study to bette r understand the effects o f s ta ir clim bing 
on the  dam age accu m u la tion  process  in the  cem en t m antle , and to de te rm ine  
w h e the r s ta ir c lim b ing w ou ld  a lte r the  fa ilu re  m echan ism  o f the  cem ent m antle, 
com pared w ith tha t produced by level walking.
One o f the main lim itations of analyzing failure o f cem ented THR reconstructions 
by m eans o f FEA sim ulations is tha t only m echanical factors related to im plant failure 
can be taken into account. B io logic responses, such as tissue reactions to abrasion 
pa rtic les  and im p lan t m icrom otion , are not accoun ted  fo r in such an approach. 
A lth o u g h  th e  da m ag e  a c c u m u la tio n  fa ilu re  s c e n a r io 10,29 a ssu m e s  th a t g ross 
loosening o f the fem oral com ponent com m ences w ith m echanical fa ilure processes, 
these biologic responses are bound to affect the lifetime of the reconstruction.10,15,27,29 
As such, the FEA sim ulations m ight not be able to fu lly  explain the effects o f stair 
c lim bing on the  life tim e o f the reconstruction , but they do give ins igh t into som e 
im portant processes govern ing im plant failure: those o f a m echanical nature.
There are several factors tha t affect the dam age accum ulation rate in the cement 
mantle, that were not included in the simulation. First o f all, the damage accumulation 
rate m ay be decreased by creep o f the cem ent. C reep m ay re laxate high stress 
peaks, thereby reducing the dam age accum ulation rate. Secondly, the m odels did 
not include any cem ent irregularities orig inating from  the tim e o f surgery, such as 
pores, pre-cracks and blood. The effects o f such pre-existing defects, particularly 
those o f pores, are sub ject to discussion. Som e authors believe tha t these defects 
act as stress risers and weaken the cem ent mantle, the reby increasing the dam age 
accum ulation rate and reducing the life tim e o f the reconstruction.25 O thers state that
F ig 7.6. Total migration 
of the head center after 
25 million loading cycles. 
During all three loading 
histories the head center 
migrated posteriorly, some­
what less medially, and 
only slightly distally.
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the life tim e o f the reconstruction .9,21 A lthough these factors may affect the absolute 
am oun t o f dam age pred icted by the s im u la tions, the y  w ill not a ffect the  re la tive 
diffe rences in the dam age accum ulation rate am ong the three loading histories.
The dam age accum ulation rate will vary between patients and implants. Only one 
im plant w as analyzed in the current study. Furtherm ore, on ly one patien t-re la ted 
factor was taken into account, which was the variation in the num ber o f sta ir climbing 
cyc le s . O th e r p a tie n t re la ted  fa c to rs , such  as d iffe re n c e s  fe m o ra l geom etry , 
preoperative bone stock quality, and patient w e ight were not taken into account. Only 
one type  o f fe m u r w as m ode led : a co m p o s ite  fem ur, th a t had g e o m e tr ic  and 
m echanical properties s im ila r to those o f human fem urs .4 In addition, no varia tions 
in surgeon-re lated factors, such as cem enting technique and stem  placement, were 
inc lud ed  in the  s im u la tio n s . It is know n th a t th in  cem e n t m an tles , caused  by 
subop tim a l s tem  p lacem ent, can lead to an acce le ra ted  dam age accum ula tion  
process and early fa ilure o f the im p lan t.15
It is ge ne ra lly  found th a t in vitro  s tud ies  and FEA s im u la tio ns  un de rp red ic t 
m igration va lues reported in c lin ica l rad ioste reopho togram m etric  ana lys is  (RSA) 
s tud ies .11 The m igration va lues predicted by the sim ulations ranged from  0 to 0.25 
mm, w ith the h ighest com ponent o f m igration in the posterio r direction. Kärrholm  et 
a l14 reported m igration va lues for the Lubinus SPII stem  o f more than 1 mm in the 
poste rio r d irec tion  at 6 years a fte r surgery, fo r im p lan ts tha t w ere  not at risk for 
revision. Note tha t the  prediction tha t tors ion w as the prim ary mode o f m igration, 
corresponded w ith the c lin ical find ings o f Kärrholm  et a l.14 In the sim ulations, stem 
m igration w as on ly  a ttribu tab le  to the  fo rm ation  o f cracks in the  cem ent m antle. 
O ptim al stem  placem ent and optim al cem ent th ickness in the FEA model, may be 
reasons fo r the  low  m igration va lues. Furtherm ore, the re  w ere  no degenera tive  
processes inc luded in the  s im u la tion , apart from  crack fo rm ation  in the  cem ent 
mantle. Abrasion, cem ent creep, peri-prosthetic bone loss, soft tissue form ation and 
interface porosity were not included. These factors may considerab ly increase stem 
m igration.
Isolated s ta ir c lim bing seem ed to be m uch m ore de trim enta l to the cem ented 
reconstruction than isolated walking, judg ing from  the results o f the simulations. Stair 
clim bing subjected the cem ent m antle to h igher tensile  stresses, produced a much 
h igher dam age accum ulation rate, and led to increased stem  m igration. Relative to 
iso lated w a lking, the am ount o f dam age w as increased by a fac to r o f five during 
iso la ted  s ta ir  c lim b in g , w h ich  w o u ld  reduce  the  life tim e  o f the  cem e n t m antle  
considerably. A no ther im portant d iffe rence between isolated w a lk ing and isolated 
s ta ir c lim b ing w as the  fa ilu re  m echan ism  th a t these  ac tiv ities  produced. During 
isolated walking, the dam aged regions rem ained concentrated proxim om edially and 
around the tip. In contrast, during isolated s ta ir clim bing, the entire cem ent mantle 
was involved. The dam aged region at the m id-stem  level expanded w ith tim e and 
interconnected w ith the proximal and distal dam age regions, creating a dam age path 
along the entire m edial and lateral side o f the stem  (Fig 7.4). Apparently, the load
distribu tion in the cem ent m antle at the m id-stem  level becam e im portant, once the 
in itia l se tting  cracks had been form ed around the  tip  and prox im om edia lly . The 
d ifference in fa ilure m echanism  between walking and sta ir clim bing could not have 
been predicted from  the initial stress distributions in the cem ent mantle, as occurring 
during the  firs t load ing cycle , because these  show ed d iffe ren t cem ent stresses 
prox im om edia lly  and around the tip  only; not at the m id-stem  level. Harrigan and 
H a rr is 6 and O 'C o n n o r et a l26 a lso  fou nd  th e  d iffe re n c e s  in the  cem e n t s tress  
distributions between walking and sta ir c lim bing to be concentrated proxim om edially 
and around the tip. The deleterious long-term  effects o f s ta ir c lim bing on the cem ent 
m antle may be underestim ated when only the initial cem ent stress d is tribu tions are 
considered.
From  a c lin ica l point o f view, it is in teresting to know how dam age accum ulation 
in the  cem e n t m an tle  com p are s  am ong pa tien ts  w ho  do no t c lim b any sta irs , 
represented by the loading history o f isolated walking, and patients who clim b many 
stairs, represented by the loading history o f alternating walk ing and sta ir clim bing 
in a ratio o f 9:1. This com parison takes into account the relative frequency o f stair 
clim bing and walking during daily activity. Inclusion o f only 10% sta ir c lim bing cycles 
in the loading history increased the am ount o f cem ent dam age by 45%  and the stem 
m igration by 15% to 20%. In the reconstruction under investigation, sta ir clim bing 
would considerab ly acce lerate the fa ilure process, despite tha t the num ber o f stair 
c lim bing cycles in the loading history was re lative ly low com pared w ith the num ber 
o f w a lk in g  cyc les. T h is  in d ica tes  th a t pa tien ts  w ho have a cem en ted  hip jo in t 
reconstruction should refrain from  sta ir clim bing as much as possible.
There  is a huge varia tion  in the num ber o f s ta ir c lim bing cyc les done am ong 
patients. M orlock et al23 showed tha t approxim ate ly  20%  o f the patients did at least 
one s ta ir c lim bing cycle fo r every nine walk ing cycles. However, approxim ate ly  25% 
o f the patients did less than one s ta ir clim bing cycle fo r every 50 w a lk ing cycles, 
which indicates tha t the two loading histories com pared here are representative of 
the  extrem es in the  range o f pa tien t activ ity, w here  the  ra tio  o f w a lk ing  to  s ta ir 
c lim bing is concerned.
M orlock et al23 found tha t patients w ho did m any sta ir c lim bing cycles generally 
were the m ost active patients. These patients are likely to partic ipate in activities, 
such as sports o r heavy labor,16 w h ich sub ject the reconstruction  to forces much 
higher than those generated during norm al walk ing and sta ir clim bing. Jogging for 
exam ple, is known to produce to rques tha t are s im ila r to those produced by sta ir 
clim bing, but these occur in com bination w ith a much higher resu ltan t hip contact 
fo rc e .1,2,17 A n o th e r a c tit iv ity  th a t m ay be d e trim e n ta l to  the  cem e n t m an tle  is 
stumbling, which also m ight occur more often in active patients. A lthough it happens 
on ly rarely, s tum bling  m ay be d isastrous to the  reconstruction , because the hip 
contact force m ay reach values o f 8 to 10 tim es bodyw eight.12 K ilgus et a l16 reported 
tha t active patients, pa rticu larly  pa tien ts w ho partic ipa ted in sports ac tiv ities and 
heavy labor, have a m uch h igh e r rev is ion  ra te than pa tien ts  w ho are inactive . 
Schm alzried et al27 showed that active patients have higher polyethylene w ear rates,
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re la te  im p lan t fa ilu re  to ac tiv ity  levels, the  ac tiv ity  pa tte rns o f pa tien ts w ere  not 
separated out into d istinct activities. None o f these studies has isolated any single 
activ ity as one tha t particularly causes long-term  com plications. It is on ly suggested 
tha t a num ber o f activ ities, typ ica lly  perfo rm ed by m ore active  patien ts, m ay be 
c ritica l to the  life tim e o f the  reco ns truc tion . As the  cu rre n t s tudy  show ed, s ta ir 
c lim b ing is one o f the  ac tiv ities  tha t are po ten tia lly  risky. O the r po ten tia lly  risky 
activ ities include stum bling, rising from  a chair, and those involving high impact.
The main diffe rences between the loading configurations fo r walk ing (Table 7.2) 
and s ta ir clim bing (Table 7.3) w ere  found in the an teroposterio r com ponents o f the 
abductor and hip contact forces, which were substantia lly larger during sta ir climbing, 
and in the force o f the vastus medialis, which on ly was active during s ta ir climbing. 
Accord ing to an earlie r study, looking at the effects o f various m uscle forces on the 
stresses in the cem ent mantle, the vastii and the iliotib ia l trac t have little influence 
on the cem ent s tre sse s .32 There fore , the  increased to rs iona l com ponents  o f the 
abductor force and the hip contact force, probably are responsible for the detrim ental 
effects o f s ta ir clim bing on the cem ent mantle. Several authors have suggested that 
to rs io n a l load ing  o f the  im p lan t is c ritica l to  fa ilu re  o f the  re c o n s tru c tio n .121335 
However, m ost o f the stud ies on the detrim enta l effects o f tors ion focused on the 
degradation o f the  in terfaces in hip jo in t reconstructions. A lthough im plant fa ilure 
may start w ith debonding o f the stem -cem ent interface, it is though t to proceed with 
fa ilure o f the cem ent m an tle .10 12 29 The results o f the current study showed tha t the 
latter process also is accelerated by h igher torsional loading o f the implant. Activities 
w hich cause high tors iona l loads should be prevented. In addition, tors iona l stability 
should be an im portant aspect in the design process o f cem ented THR implants. 
The neck-reta in ing Freem an prosthesis (Corin Medical, C irencester, UK) is a typical 
exa m p le  o f a s tem  w h ich  w as de s ig ned  to  b e tte r res is t to rs io n .13 T he  im p lan t 
analyzed in the current study, the Lubinus SPII, has an anatom ic shape and small 
f la re s  on the  a n te r io r  and p o s te r io r asp ec ts  o f the  stem . T hese  fe a tu re s  m ay 
enhance the tors iona l stab ility  o f the im plant. O ther types o f im plants, not having 
such features, may be even more sensitive to tors ional loading than w hat w as found 
in the current study. However, fa ilure o f a cem ented reconstruction is m ultifactoria l 
and stem  des ign  is not the  on ly  p a ra m e te r w h ich  d e te rm in es  the  life tim e  o f a 
reco n s tru c tio n . T h is  m ay be the  reason w hy it is d iff ic u lt to  find  d ire c t c lin ica l 
evidence tha t stem s designed to resist tors ion do bette r clinically.
S ta ir c lim b ing is m ore risky fo r fa ilu re  o f cem ented  TH R  stem s than norm al 
walking. The higher tors ional loading o f the im plant leads to a considerable increase 
in the am ount of cem ent dam age produced during daily activity. In addition, the entire 
cem ent m antle is involved in the fa ilure process during s ta ir clim bing, w hereas only 
the  p ro x im om e d ia l and tip  reg ions are invo lved  du ring  w a lk in g . A ltho ug h  s ta ir 
clim bing cycles m ay be done less frequently than walking cycles during da ily patient 
functioning, a relatively low num ber o f sta ir clim bing cycles can increase the am ount 
o f cem ent dam age dram atically. Therefore, it is advisable fo r patients to refrain from
sta ir c lim bing as much as possib le. It also ind ica tes tha t to rs iona l s tab ility  o f the 
im p lan t shou ld  be an im p o rtan t asp ec t in the  des ign  process o f cem ented  hip 
rep lacem ent implants.
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Abstract
R igorous p rec lin ica l testing  o f cem ented hip prostheses against the damage  
accumulation failure scenario will reduce the incidence o f aseptic loosening in THR. 
For that purpose, a finite element simulation is proposed, that predicts damage 
accumulation in the cement mantle, and prosthetic migration. I f  the simulation is to 
becom e a convincing preclin ica l test, it should be able to distinguish between  
implants in a clinically relevant way, based on accurate predictions o f long-term  
failure mechanisms o f cemented hip prostheses. The algorithm was used to simulate 
long-term fatigue experiments on femoral reconstructions with Mueller Curved and 
Lubinus SPII stems. Clinically, the Mueller Curved system performs inferior to the 
Lubinus SPII system. The finite element simulation predicted much more cement 
damage around the Mueller Curved stem and showed that the entire cement mantle 
was involved in the failure process, which was not the case around the Lubinus SPII 
stem. In addition, the Mueller Curved stem was predicted to migrate more than the 
Lubinus SPII. The predictions showed excellent agreement with the experimental 
findings: s im ilar damage locations in the cement, more damage fo r the Mueller 
Curved, sim ilar prosthetic migration directions, and more migration for the Mueller 
C urved stem. This is the firs t tim e tha t a fin ite  e lem ent sim ulation is able to 
differentiate between a clinically superior and an inferior implant, based on accurate 
simulation o f the long-term failure mechanisms in a cemented reconstruction. Its use 
for preclinical testing purposes is corroborated.
130
Introduction
D espite  the  high success rates o f cem ented  to ta l hip rep lacem en t (THR), high 
revision rates have been reported for som e hip prostheses tha t w ere  in troduced on 
the orthopaed ic market. Recent exam ples are the Capita l Hip prosthesis (3M Health 
Care Ltd, Loughborough, UK) and the C entra lign prosthesis (Z im m er Inc, Warsaw, 
IN), w ith loosening rates o f 16% and 12% at 2.6 years after surgery, respective ly.29,46 
These results are considerab ly worse than the overall results o f cem ented THR as 
reported in the Swedish Hip Register, where the overall revision rate is currently only 
5% afte r 10 yea rs .9 Such disasters probably could have been prevented, if proper 
preclin ica l testing would have preceded the clin ical in troduction o f these implants. 
M ore rigorous p rec lin ica l tes ting  o f hip rep lacem en t im p lan ts w ou ld  im prove the 
clin ical results o f cem ented T H R ,5,52 particu larly fo r younger patients fo r w hom  the 
clin ical outcom es currently  are less favorable than the overall results suggest.8
A sep tic  loosening, o ften re lated to  m echan ica l fa ilu re , is cu rren tly  the  m ajor 
reason fo r revision o f cem ented THR im p lan ts.8927 Autopsy retrieved hip prostheses 
(F ig 8.1) have shown tha t s tem -cem ent debond ing and cem ent cracking are the 
main events in the fa ilure process o f the fem ora l s ide .16,18 This led to the definition 
o f the dam age accum ulation fa ilure scenario, as the m ost im portant fa ilure scenario 
fo r cem ented fem ora l com ponents .1241 Accord ing to th is scenario, repetitive loading 
o f the reconstruction produces creep, and the accum ulation o f dam age in the bulk 
cem ent and along the in te rfaces.30 This reduces the load-carry ing capacity o f the 
cem ent and causes im plant m igration and m icrom otion. Abrasive  partic les can be 
form ed in th is way, and peri-prosthetic osteolysis is invoked. This cascade o f events 
leads to gross fa ilure o f the fem ora l reconstruction. Because dam age accum ulation 
is the  do m in an t fa ilu re  scenario  fo r the  fem ora l side, it is c le a r th a t tes tin g  for 
m echanical fa ilure should be the sub ject o f preclin ica l tests.
Preclin ical tests against the dam age accum ulation fa ilure scenario could use in 
vitro experim enta l m odels24,34,52 or, alternatively, fin ite  e lem ent analysis (FEA) could
F ig  8 .1 . A cross-section of an 
autopsy retrieved specimen of a 
cemented THR reconstruction, with a 
radially directed crack around a corner 
of the stem (black pointer) and a 
debonded stem-cement interface 
(white pointers). Reproduced with 
permission from Elsevier Science, from 
Verdonschot N, Huiskes R: The effect 
of cement-stem debonding in THA on 
the long-term failure probability of 
cement. J Biomech 30: 795-802,
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be used .34,52 Experim ental tests require physical prototypes o f the im plant and long 
testing tim es. A  m ajor advantage o f FEA is tha t physical prototypes o f the im plant 
are not required. Preclinical testing can be done from  the initial design specifications, 
and design changes can be ana lyzed  rapid ly. FEA M odels have the add itiona l 
advantage tha t it is eas ie r to tes t im plants under com plex loading configurations, 
which include variab le  m uscle loading.
App lica tion  o f FEA in orthopaed ic research has som etim es been controversial. 
A lthough FEA has contributed to understanding the failure m echanism s of cemented 
hip re p la cem en t im p lan ts , un til now, no FEA s im u la tio n  has em erged th a t can 
distinguish between cem ented THR im plants w ith a d iffe rent c lin ical quality. In the 
e a rly  yea rs  o f FE A  m ode ling  o f hip jo in t  re c o n s tru c tio n s , th e re  w as a la ck  o f 
understanding o f the fa ilure m echan ism s o f cem ented im plants and o f the loading 
conditions at the hip. As a result, the m odels w ere m erely conceptual and used to 
study global load-transfer patterns in the reconstruction .1,3,11,37,38 The com plexity and 
va lid ity o f the m odels w as restricted by a lack o f com puter power.13 As com putational 
power increased, FEA m odels w ere developed w ith increased detail in geom etry and 
loading conditions. M ost FEA stud ies involved param etric, qualita tive analyses of 
design aspects. D ifferent designs w ere com pared by evaluating the stresses that 
they generated in the cem ent m antle and at the in te rfaces.2,7,35,50 However, it was 
d ifficu lt to d ifferentiate between superior and in ferior im plant designs in a convincing 
way, based on the initial stress d istribu tions a lone .21,42 W ith  a bette r understanding 
o f the fa ilu re  scenarios  o f cem ented hip im p lan ts ,12 the re  w as an oppo rtun ity  to 
deve lop a lgorithm s to s im u la te  these fa ilu re  scenarios. This invo lved describ ing 
com plex m echanical processes, such as creep233248 and dam age accum ula tion .49 
These sim ulations are now available, but they have not yet been used to com pare 
d iffe rent im plant designs, nor have they been va lidated. Experim ental and clinical 
va lida tion are essentia l prerequis ites before an FEA sim ulation can be accepted as 
an effective and convincing pre-clin ica l testing method.
In an ea rlie r study,44 an FEA s im ulation w as developed to sim ulate creep and 
dam age accum ulation in the cem ent m antle around hip rep lacem ent im plants, and 
to predict m igration o f the im plant relative to the bone. If th is  sim ulation is proposed 
fo r preclin ica l testing o f cem ented THR im plants against the dam age accum ulation 
fa ilu re  scenario, it should be proven tha t the s im u lation can d is tingu ish  between 
superio r and in ferio r im plant designs according to c lin ical experience. Furtherm ore, 
the d istinction should be based on accurate s im u lations o f the m echan ical failure 
processes tak ing place in a cem ented THR reconstruction. For tha t purpose, the 
FEA a lgo rithm  w as used to  s im u la te  long -te rm  fa tig ue  exp e rim e n ts  on fem ora l 
reconstructions w ith two cem ented hip prostheses w ith a w e ll-know n d ifference in 
clinical results. The specific questions posed were w hether the FEA sim ulation could 
a c c u ra te ly  p re d ic t the  fa ilu re  m ech an ism s fo r  bo th s tem s as ob se rve d  in the 
experim ents  and w h e the r the  p red ic tions could exp la in  the  d iffe rence  in c lin ica l 
results between the two stem  types. This would corroborate the use of the simulation 
fo r preclin ica l testing purposes.
Fig 8.2A-B . Two cemented hip implants 
were analyzed in the current study: (A) 
the Lubinus SPII stem, and (B) the Mueller 
Curved stem.
Percentage not revised
Years postoperatively
Fig 8.3. The survival curves for the Mueller Curved 
system and the Lubinus SPII system, as reported in 
the Swedish Hip Register.8-27 The gray regions 
represent the 95% confidence intervals.
Materials and Methods
To corrobo ra te  the FEA-based preclin ica l test, it w as used to s im u la te  long-term  
fatigue experim ents, testing cem ented fem ora l reconstructions w ith two stem  types 
th a t have a m arked d iffe re nce  in c lin ica l loosen ing  ra tes. T he  tw o  s tem  types 
(Fig 8.2) w ere  the Lubinus SPII (W aldem ar L ink GmBH, Ham burg, G erm any) and 
the M uelle r Curved (JRI Ltd, London, UK), w ith revision rates o f 4%  and 16% at 10 
years a fte r surgery, respective ly8 27 (Fig 8.3). A lthough the selection o f these two 
s te m s  w a s  based  on e x te n s iv e  fo llo w -u p  da ta  re p o rte d  in th e  S w e d ish  Hip 
R eg is te r,8,9,27 the cho ice w as supported by data from  o ther sm all sca le  fo llow -up 
studies. For the Lubinus SPII stem  rad iographical loosening rates reported range 
from  4%  at 8 years39 to 12.9%  at 12 years33 postoperatively. For the M uelle r Curved 
stem  rad iographical loosening rates range from  20%  to 40%  after 10 yea rs .4 1945 54
Both stem s are made from  C oC r alloy. The Lubinus SPII is a long, m odular stem 
w ith a large medial co lla r and an anatom ic curvature in the sagitta l plane. The stem 
has an ellip tical cross-section w ith grooves and flanges on the anterio r and posterior 
aspects. A  m odular head was used w ith a head-neck length o f 60 mm. The M ueller 
Curved is a shorter, m onob lock stem  w ith a re la tive ly sm all collar. The stem  has a 
hexagonal cross-section. Both stem s have a satin surface finish, w ith an Ra values 
o f a p p ro x im a te ly  1.2 m ic ro n s  fo r  the  Lu b in u s  S P II s tem , and a p p ro x im e ta ly
0.5 m icrons fo r the M uelle r Curved stem.
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Fig 8.4. The experimental loading setup, with 
a Lubinus SPII specimen installed. The recon­
struction [ 1] was positioned in the testing 
machine and was clamped distally [2]. The 
prosthetic head was seated in a Nylon cup [3] 
mounted on the actuator of the testing machine. 
The device used to measure the migration of 
the stem relative to the femur, consisted of a 
target device [4] with three spheres in a 
cruciform structure, attached to the stem 
through a hole in the cortex, and a metal casing 
[5] with six displacement transducers attached 
to the femur. Reproduced with permission from 
Elsevier Science, from Maher SA, Prendergast PJ: 
Discriminating the loosening behaviour of 
cemented hip prostheses using measurements 
of migration and inducible displacement. 
J Biomech 35: 257-265, 2001.
C om posite fem ora l reconstructions w ith the two stem  types were subjected to long­
te rm  cyc lic  loading. The crack  fo rm ation  pa tte rns in the  cem ent m antle  and the 
m ig ra tion  va lu e s  o f the  s tem  re la tive  to  the  fem ur, as p red ic ted  by FEA, w ere  
com pared to the experim enta l find ings and between the two stem  types.
Long-Term Fatigue Experiments
Five Lub inus  SPII and five  M ue lle r C urved fem ora l stem s w e re  im p lan ted  into 
com posite fem urs according to a standard ized protocol described by M aher et a l.25,26 
The fem urs consisted o f a po lyurethane foam  core surrounded by a fibe r reinforced 
epoxy layer, rep resen ting  cance llous and cortica l bone, respec tive ly  (le ft fem ur 
Model 3103, Pacific Research Laboratories, Vashon Island, WA). Com posite femurs 
w ere used as opposed to cadaveric  ones, to m in im ize in terspecim en varia tion in 
fem ur geom etry and m echanical properties. The fem oral head was resected and the 
m edullary cavity was reamed. Cem ex RX low viscosity cem ent (Tecres, Verona, Italy) 
w as vacuum  m ixed w ith the O ptivac system  (B iom et Merck, S jöbo, Sw eden) and 
in jec ted  in to the  cav ity  in a re trog rade  fash ion . S ubsequently , the  s tem s w ere 
inserted using a specia lly  designed insertion m ach ine26 to reproducib ly  place the 
stem  in a position selected by an experienced orthopaed ic surgeon. The insertion 
m achine ensured tha t variation in stem  position and insertion speed were minimized.
Fig 8 .5A -B . The finite element models used in the current study, representing (A) a Lubinus SPII 
reconstruction and (B) a Mueller Curved reconstruction. Transverse cross-sections of the models at the 
level of the trochanter minor and the level of the stem tip are shown.
The com posite  reconstructions were clam ped in a testing m achine, such tha t the 
fe m o ra l s h a ft w a s  p o s it io n e d  in 10o a d d u c tio n  and 9o fle x io n  (F ig  8 .4 ). A 
com pressive, s inuso ida lly  varying load, cycling between 0.23 kN and 2.3 kN, was 
applied to the prosthetic head fo r two m illion cycles at a frequency o f 5 Hz. During 
the test, the m igration o f the stem  relative to the bone w as m easured w ith a device 
as d e s c rib e d  by M a h e r e t a l.25 T he  d e v ic e  w a s  based  on s ix  d is p la c e m e n t 
transducers tha t m easured the 3-D d isp lacem ent o f the stem  relative to the fem ur 
(Fig 8.4). The m igration was expressed as the  absolute m igration d istance o f the 
head center in the anteroposterior, mediolateral, and proxim odistal directions. A t the 
end o f the tes t the reconstructions were sectioned w ith a d iam ond-coated cutting 
blade in transverse slices o f approxim ate ly  1 cm th ickness. The slices were stained 
w ith dye penetrant30 and were inspected fo r cem ent damage.
FEA Models and Simulations
Two 3-D FEA m odels were built to represent the experim enta l reconstructions; one 
for each stem  type (Fig 8.5). The geom etries o f the com posite fem ur51 and the stems 
were available as solid models. The geom etry o f the cem ent mantle and the position 
o f the stem  relative to the fem ur w ere  determ ined from  rad iographs and CT-scans 
o f the experim enta l reconstructions. M eshing w as done using self-w ritten software.
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Table  8.1. Mechanical properties used in the FEA models.
Part of Model Material Type Elastic Modulus (GPa)a Poisson's Ratio3
Stem CoCr alloy /  St.less steel 210.0 0.3
Cement Polymethylmethacrylate 2.28 0.3
Cancellous bone Polyurethane foam O.4O 0.3
Cortical bone Glass-fiber reinforced epoxy Ex, Ey — 7.0; Ez — 11.5
^ , Gzx — 3.5; Gxy — 26
Vxy,Vzy,Vzx — 0.4
a The stem, cement and cancellous bone were modeled as isotropic. The cortex was modeled as 
transversely isotropic. See Figure 8.5 for definition of x, y and z directions.
The FEA model o f the Lubinus SPII reconstruction contained 7412 eight-node brick 
e le m e n ts  and 9086  nodes. T he  m ode l o f th e  M u e lle r C u rved  re c o n s tru c tio n  
contained 7702 elem ents and 9359 nodes. In an earlie r study,43 these levels o f mesh 
refinem ent were shown to be suffic ient to produce accurate stress/stra in predictions. 
A ll parts o f the model were assum ed to be isotropic, except fo r the fem ora l cortex, 
w h ich  w as assum ed to be tra n s v e rs e ly  iso trop ic . The e la s tic  p ro pe rties  o f the 
com posite fem ur were taken from  S tolk et al42 (Table 8.1). Those of Cem ex RX bone 
cem ent w ere taken from  M urphy and P rendergast.31 In an ea rlie r study,42 the FEA 
m odels w ere shown to accu ra te ly  m im ic the e lastic  behavior o f the experim enta l 
reconstruc tions. In both m odels, the  s tem -cem ent in te rface w as assum ed to be 
debonded, m eaning th a t the  stem s cou ld s lide  a long the  cem en t surface . O nly 
com press ive  and fric tiona l forces could be transm itted  th rough the s tem -cem ent 
interface. The coeffic ien t o f friction between the stem  and the cem ent w as assumed 
to be 0.25.28 The m odels were fixed distally, to s im ulate c lam ping o f the specim ens 
in the  experim enta l tests. A  fo rce  o f 2 .3 kN w as app lied  to  the  p ros the tic  head, 
corresponding to the peak force during a loading cycle in the experim ents. The force 
was applied repetitively, to sim ulate a history o f 25 million loading cycles. The loading 
history in the experim ents contained only two m illion loading cycles.
An FEA s im ulation w as derived to s im ulate creep and dam age accum ulation in 
the cem ent mantle, and prosthetic m igration, under cyclic loading conditions. The 
sim ulation was applied to the FEA m odels to sim ulate the experiments. The technical 
de ta ils  o f the  s im u la tio n s  w e re  d e sc rib ed  e x te n s iv e ly  by S to lk  et a l.44 Such a 
descrip tion is beyond the scope o f the current study. However, a brief descrip tion 
is requ ired  to a llow  co rre c t in te rp re ta tion  o f the  w o rk  p resen ted. Basica lly, the 
s im u lation com bined a creep m odel48 w ith  a dam age accum ula tion  m od e l.49 The 
dam age  a ccu m u la tio n  m ode l w as  based on a con tin u u m  dam age  m echan ics  
a p p ro a ch ,20 w h ich  assum es th a t m icrocracks  accum u la te  in a cyc lica lly -loaded  
material as a function o f the local tensile  stresses and the num ber o f loading cycles. 
Accum ulation o f m icrocracks leaves the m aterial m acroscopically intact, until, locally, 
a critical am ount o f m icrocracks has accum ulated. In tha t case a m acrocrack occurs, 
causing a local loss o f m aterial in tegrity and load-carrying capabilities. M icrocracks
usually are referred to as dam age and m acrocracks usually are referred to as cracks. 
The accum ulation of dam age was assum ed to be direction-dependent, m eaning that 
cracks could occur perpend icu la r to the direction o f the tens ile  stresses. A  crack 
caused the ab ility  to trans fe r load to be lost in d irections pe rpendicu lar to the crack. 
Figure 8.6 shows a s im plified iteration schem e o f the s im ulation, as it w as used in 
the current study. The accum ulation o f dam age and the developm ent o f the creep 
strain were m onitored at 8 locations w ith in  each cem ent e lem ent individually. The 
dam age accu m u la ted  and the  c reep  s tra in  w e re  se t to ze ro  at the  s ta rt o f the 
s im ulation. Each iteration started by using the FEA code to ca lcu la te  the cem ent 
stresses and the disp lacem ent o f the stem  relative to the bone, as caused by a force 
o f 2.3 kN on the prosthetic head. Then, a tim estep was taken in the form  o f a certain 
num ber o f loading cycles. The stresses were assum ed to rem ain constant during 
tha t tim estep. A  loop w as started over all cem ent elem ents to update the creep strain 
and the am ount o f dam age at each location w ith in  the cem ent m antle. First, the 
creep strain increm ent during the tim estep w as calcula ted and added to the creep 
strain a lready present. The creep strain increm ent w as assum ed to be a function 
o f the  local Von M ises stress, the  s ize o f the  tim estep , and the  to ta l num ber of 
loading cycles reached at the beginning o f the iteration. An em pirica l creep law for 
ac ry lic  bone cem en t w as taken  from  V e rd on scho t and H u is k e s .47 S econd, the 
increm enta l am ount o f dam age accum ulating during the tim estep w as calcula ted 
and added to the am ount o f dam age a lready present. The dam age accum ulation 
increm ent w as assum ed to be a function o f the local tensile  stresses, the size o f the 
tim estep, and the num ber o f loading cycles reached at the beginning o f the iteration. 
Em pirical dam age accum ulation laws w ere  taken from  M urphy and P rendergast,31 
w ho de te rm ined  these  laws esp ec ia lly  fo r the  type  o f bone cem en t used in the
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current study. Once the dam age w as updated, an additional step had to be taken 
to check w hethe r the dam age accum ulated had loca lly reached a critica l level. In 
tha t case, a crack was m odeled by locally adapting the stiffness o f the cement, such 
tha t the  cem ent could no longer carry loads in the  direction pe rpend icu la r to the 
crack. O nce the dam age and the creep strain were updated, a new iteration was 
started. The new iteration started w ith reca lcu lating the stresses and the prosthetic 
displacem ent, which were altered relative to the fo rm er iteration attribu tab le  to the 
inc rea sed  c reep  s tra in  and the  new ly  fo rm ed  cracks. The ite ra tive  p rocedure  
continued until 25 m illion loading cycles were reached.
The s im u la tion  w as app lied  to both FEA m odels. The fo llow ing ou tput o f the 
s im u la tion  w as com pared between the tw o stem  types, and to the  experim enta l 
resu lts: the  to ta l num ber o f c racks in the  cem ent m antle, the  d is tribu tion  o f the 
ce m e n t c racks , and th e  m ig ra tio n  o f th e  im p la n t re la tiv e  to  the  bone. In the  
sim ulation, stem  m igration w ith in the cem ent mantle was allowed because the stem- 
cem en t in te rface  w as not bonded m echan ica lly . The fo rm a tio n  and open ing  of 
cracks, in com bination w ith creep o f the cem ent, would cause the stem  to m igrate 
w ith in the cem ent mantle. As in the experim ents, the m igration was expressed as 
the absolute m igration d istance o f the head cen ter in the anteroposterior, m edio­
lateral, and proxim odista l directions.
Results
The FEA s im u la tio ns  p red ic ted  m uch m ore cem en t c racks a round the  M ue lle r 
Curved stem  than around the Lubinus SPII stem  (Fig 8.7). A fte r a sim ulated tim e 
o f two m illion cycles, the num ber o f cracks in the cem ent m antle w as a fac to r o f five 
higher around the M uelle r Curved stem  as com pared w ith the Lubinus SPII stem.
F ig 8.7. The total number of 
cracks in the cement mantle as 
a function of the number of 
loading cycles, as predicted by 
the FEA simulations.
138 Simulated time (millions of cycles)
Fig 8 .8A -C . Comparison of the FEA and experimental crack distributions in the cement mantle around 
the Mueller Curved stem. Cross-sections of the FEA model are shown on the left; cross-sections of the 
particular experimental specimen used to build the FEA model are shown on the right. Cross-sections were 
taken at (A) an intertrochanteric level, (B) the midstem level and (C) at the tip level. In the cross-sections 
of the FEA model the cracked zones are the black zones in the white cement mantle. They represent the 
crack distribution after a simulated loading time of 20 million cycles. The experimental cross-sections 
show the crack distribution as found at the end of the test. For a matter of clarity, the cracked regions 
are indicated by the white pointers. 139
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A fte r 25 m illion cycles o f sim ulated tim e, the num ber o f cracks in the cem ent mantle 
w as a fac to r o f fou r h igher around the  M ue lle r Curved stem. A fte r the  in itia l one 
m illion  cyc les , du ring  w h ich  c racks  w e re  p r im a rily  fo rm ed  a round  the  tip  and 
proxim om edially below the collar, the crack form ation rate reached a rather constant 
value, being higher fo r the M uelle r Curved stem. In correspondence w ith the FEA 
p re d ic tio n s , th e  s e c tio n e d  e x p e r im e n ta l s p e c im e n s  o f th e  M u e lle r  C urved  
reconstructions showed m any cracks around the  corners  o f the  M ue lle r Curved 
stems, often extending over the th ickness o f the m antle. This w as observed in all 
six M ueller Curved specim ens. In contrast, v irtua lly no cracks were observed around 
the Lubinus SPII stem s in any o f the experim ental specim ens.
Not on ly the  to ta l num ber o f cem ent cracks, but a lso the  c rack  d is tribu tions  
differed considerab ly between the tw o stem  types. The sim ulations predicted that 
the cracks around the Lubinus SPII stem  rem ained concentrated around the tip  and 
proxim om edially be low  the collar. The predicted crack zones did not extend over the 
full th ickness o f the  cem ent m antle. In contrast, the entire cem ent m antle around 
the M ue lle r Curved stem  w as involved in the crack form ation process. A t the end 
o f the s im ulation, fu ll-th ickness crack zones were not on ly found around the stem 
tip and below the collar, but also around the corners o f stem  all along the lateral side 
(Fig 8 .8 ). In correspondence w ith the FEA predictions, the sectioned experim ental 
specim ens also showed tha t the entire cem ent m antle around the M uelle r Curved 
stem  was involved in the fracture process. The varia tion in crack patterns between 
the experim ental M ueller Curved specim ens w as relatively small. In some specimens 
the dam age sta te  w as m ore seve re  than in o th e r spec im ens, m eaning th a t the 
cracks were m ore spread out around the corners o f the stem. Furtherm ore, there 
were som e differences attributable to an occasional large pore located near a corner 
o f the stem. But in general, the d istribu tion o f cracks th roughou t the cem ent mantle 
was s im ila r between the experim ental M uelle r Curved specim ens. In all specim ens 
full th ickness cracks w ere observed around the tip, be low  the collar, and along the 
entire  la te ra l aspect o f the stem. The locations around the M ue lle r C urved stem  
w here cracks were predicted by FEA, corresponded extrem e ly w ell to the locations 
where cracks were found in the sectioned specim ens (Fig 8 .8). However, a simulated 
tim e o f approxim ate ly  20 m illion cycles was required to obtain the crack distribution 
tha t w as found in the experim ental specim ens already a fte r two m illion cycles.
In the experim ents and in the FEA simulations, the M ueller Curved stem  migrated 
m ore than the Lubinus SPII stem. The FEA s im u la tions pred icted tha t the  head 
cen ter o f both stem s m igrated m ainly posteriorly, som ew hat less m edia lly and only 
s lightly d ista lly (Fig 8.9). Therefore, tors iona l rotation around the long axis w as the 
prim ary  m ode o f m ig ra tion  fo r both stem s. A fte r a s im u la ted tim e o f tw o m illion 
cycles, the predicted m igration d istances o f the head center were approxim ately 1.5 
tim es higher fo r the M uelle r Curved stem, as com pared w ith the Lubinus SPII stem. 
A fte r the  in itia l tw o m illion  cyc les, the  s tem s v ir tu a lly  s topped m ig ra ting  in the 
sim ulations. The predicted m igration directions o f both stem s corresponded well with 
the m igration d irections as m easured in the  experim ents. In the experim ents the
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Fig 8.9 . The migration of the head center of both stems in the medial, posterior, and distal directions, 
as measured experimentally and as predicted by the FEA simulations. The experimental values represent 
the migration distances at the end of the tests, averaged over the experimental specimens. The standard 
deviations are shown. The values from the simulations represent the migration distances after a simulated 
loading time of two million cycles.
stem s also m igrated m ainly posteriorly, som ew hat less m edia lly and only s lightly 
d is ta lly  (F ig  8.9). A t the  end o f the  e xp e rim e n ta l tes ts , the  ave rage  m ig ra tion  
d istances o f the head cen ter were approxim ate ly  two tim es higher fo r the M ueller 
Curved stem  as com pared w ith  the  Lubinus SPII stem . C om paring the  average 
m ig ra tion  d is ta nce s  m easured  at the  end o f the  te s t to  tho se  p red ic ted  by the 
sim ulations afte r a loading tim e o f two m illion cycles (Fig 8.9), showed tha t the FEA 
pred ictions underestim ated the  average experim enta l va lues. However, fo r both 
stem  types the predicted m igration d istances w ere  w ith in  one standard deviation 
from  the average experim ental m igration values.
Discussion
An FEA sim u lation w as proposed fo r preclin ica l testing  o f cem ented THR stems 
against the dam age accum ulation failure scenario. To corroborate the num erical test, 
it was used to sim ulate long-term  fa tigue experim ents on fem ora l reconstructions 
w ith two different stem  types, with a well-know n difference in clinical loosening rates.
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Two questions were posed in the current study. First, can the num erica l preclin ical 
tes t accu ra te ly  pred ic t the  m echan ica l fa ilu re  m echan ism s o f the  tw o cem ented 
fem ora l stems, as observed in the experim ents? Second, can the test differentia te 
between the two stem  types in a c lin ica lly va lid  way?
Regarding the firs t question, the FEA sim ulations predicted fa ilure m echanism s 
fo r the  two stem s tha t show ed exce llen t ag reem ent w ith  the fa ilu re  m echan ism s 
observed experim entally in term s of cem ent crack patterns and stem  migration. Both 
the sim ulations and the experim ents showed a strik ing d ifference in the am ount of 
cem ent dam age around the two stem  types, w ith many more cracks being produced 
around the M ue lle r Curved stem. A lthough the dam age accum ulation rates were 
underpred ic ted  by the  FEA s im u la tions, the  reg ions w here  cem ent cracks were 
predicted corresponded extrem ely well w ith the locations w here cem ent cracks were 
found in the experim ental specim ens. The s im ulations and the experim ents showed 
that the entire cem ent m antle was involved in the fa ilure process around the M ueller 
Curved stem, as opposed to the Lubinus SPII stem. Not on ly the predicted cem ent 
crack patterns, but also the predicted stem  m igration patterns showed high levels 
o f agreem ent w ith the experim enta l find ings. The experim ents and the sim ulations 
showed higher m igration va lues fo r the M uelle r Curved stem  than fo r the Lubinus 
SPII stem. For both stem  types, the predicted m igration d irections were s im ilar to 
the m igration d irections observed experim entally, w ith rotation about the long axis 
being the prim ary mode o f m igration. The absolute m igration va lues as predicted 
by the sim ulations w ere within one standard deviation from  the average experimental 
m igration values. The close correspondence between the FEA predictions and the 
experim ental observations proves tha t the s im ulations can accurate ly reproduce the 
failure m echanism s o f the two stem  types. Moreover, the experim ental and FEA tests 
were in terchangeab le as m eans fo r preclin ica l testing o f the two stems.
R egard ing  the  second question , the  FEA s im u la tio ns  p red ic ted  d iffe rences  
between the tw o stem  types tha t could expla in the diffe rences in clin ical loosening 
rates, as presented by the survival curves (Fig 8.3). The sim ulations predicted many 
more cem ent cracks around the M uelle r Curved stem  than around the Lubinus SPII 
stem . T h is  in d ica tes  th a t the  M ue lle r C urved  s tem  is at h igh e r risk  fo r asep tic  
loosening according to the dam age accum ulation fa ilure scenario. The developm ent 
o f fu ll-th ickness  cracks around the  M ue lle r Curved stem  and invo lvem en t o f the 
entire cem ent m antle in the fa ilure process, put the M uelle r Curved reconstructions 
in even m ore danger, as a pathway is produced fo r w ear partic les to m igrate from  
the  jo in t  space  to  the  b o n e -ce m e n t in te rfa ce  and cause  o s te o lys is . The FEA 
sim ulations also predicted higher m igration rates for the M uelle r Curved stem. It has 
been shown th a t high c lin ica l m ig ra tion  rates corre la te  w ith  ea rly  lo o se n in g .17,53 
Therefore, the h igher m igration rates o f the M uelle r Curved stem  m ay indicate an 
in ferio r c lin ica l behavior. In short, the predictions o f the FEA sim ulations lead to the 
conc lus ion  th a t the  M ue lle r C urved stem  w ill do w o rse  clin ica lly , re la tive  to  the 
Lubinus SPII. This indicates tha t the sim ulations can distinguish between a superior 
and an in ferio r design in a c lin ica lly re levant way.
The choice fo r the Lubinus SPII stem  and the M uelle r Curved stem, as exam ples 
o f superior and an in ferio r stem  designs, was based on survival data reported in the 
Swedish Hip R egister.8,9,27 M uelle r Curved im plants w ere used between 1970 and 
1980 and genera lly  w ere  im p lanted w ith firs t generation cem enting tech n iq ue s .27 
Lubinus SPII im plants w ere  not w ide ly  used until the m id1980s, and genera lly  were 
im planted w ith second and th ird generation cem enting techn iques.8 The differences 
in cem enting techniques may partially explain the differences in clinical survival rates 
betw een the tw o s te m s .8,9,27,52 However, in its days, the  M ue lle r C urved system  
produced c lin ica l resu lts tha t w ere  in fe rio r to  the average surv iva l rates o f o ther 
im p lan ts used w ith  firs t genera tion  cem enting techn iques, such as the  C harn ley 
(DePuy, Leeds, U K ).636 Currently, the Lubinus SPII system  produces clin ical results 
tha t are above average fo r im plants used w ith m odern cem enting techn iques .9 This 
ju s tifie s  the  cho ice  fo r the  Lub inus SPII stem  and the  M ue lle r C urved stem , as 
exam ples o f a w e ll-perform ing design and an in ferio r im plant design.
A lthough the dam age form ation patterns in the cem ent m antle were predicted 
accura te ly  by the FEA s im ulations, the re  was a d ifference in the tim esca le  o f the 
dam age accumulation process. The rate o f damage accum ulation was underestimed. 
A s a result, the  crack d is tribu tions in the cem ent m antle  a fte r 20 m illion loading 
cycles, c losely resem bled the crack d istribu tion in the experim enta l reconstructions 
th a t had been a tta ined  a fte r tw o  m illion  load ing  cyc les. T he  d iffe re n ce  in the 
tim esca le  probably was attribu tab le  to the absence o f pores, precracks, and other 
cem ent irregularities in the FEA models. It m ust be noted tha t the effects o f such 
pre-existing defects, pa rticu larly  those o f pores, are sub ject to d iscussion. Som e 
au thors  be lieve th a t these  de fects  act as s tress rise rs and w eaken the cem ent 
mantle, the reby increasing the dam age accum ulation rate and reducing the lifetime 
o f th e  re c o n s tru c tio n .31 O th e rs  s ta te  th a t th e s e  p re -e x is tin g  d e fe c ts  lim it the 
p ro p a g a tio n  o f c racks , and, hence , p o s it iv e ly  a ffe c t th e  life tim e  o f the  
re c o n s tru c tio n .10 22 The d iffe re n ce  in the  tim e sca le  m ay a lso  be a ttr ib u ta b le  to 
debond ing  o f the  ca n ce llou s -co rtica l bone in te rface. F urthe rm ore, creep o f the 
c o n s titu e n ts  o f th e  co m p o s ite  fe m u r m ay have  a c c e le ra te d  th e  dam age  
accum ula tion  process in the  experim enta l reconstructions. The d iffe rence in the 
tim esca le  between the experim ents and the sim ulations did not affect the ab ility of 
the s im ulations to d iffe rentia te between the two implants.
For a preclin ica l tes t to be effective, not on ly its strengths, but also its lim itations 
shou ld  be re co gn ized . The te s t c r ite r ia  and o b je c tiv e s  o f a n e w ly  deve lope d  
preclin ical tes t are extracted from  the fa ilure scenario against which the im plants are 
to be te s te d .34,52 There fore, the  prec lin ica l tes t can be used on ly to tes t im plants 
against tha t particu lar fa ilure scenario fo r w h ich the tes t w as developed. Currently, 
the on ly standard ized preclin ica l tes t fo r cem ented hip rep lacem ent im plants is the 
ISO 7206 tes t14 1540 against fatigue failure o f the stem. Since tha t test was introduced, 
stem  breakage has become a m inor reason for revis ion.27 The test has been effective 
in testing im plants against stem  failure, but it does not tes t im plants against fa ilure 
m odes tha t currently are m ore dom inant. The preclin ica l tes t tha t w as proposed in
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the current study tests im plants against the dam age accum ulation fa ilure scenario. 
A lthough  th is  te s t is e ffec tive  in d iffe ren tia ting  between a range o f im p lan ts and 
design features, it m ay not be able to filte r out all design problem s. Design features 
tha t invoke another fa ilure scenario than the one fo r w hich the tes t was developed, 
such as the particulate reaction scenario12 that is triggered by an abundant form ation 
o f w ear particles, m ay not be detected.
The FEA sim ulation presented in the current study w as able to accurately predict 
the  fa ilu re  m echan ism s as obse rved  in lo ng -te rm  fa tig ue  expe rim en ts , fo r two 
cem ented hip prostheses w ith a w e ll-know n d iffe rence in c lin ica l loosening rates. 
Based on the predicted fa ilure m echanism s, the s im ulation w as able to differentia te 
between the two im plants in a c lin ica lly re levant way. This is the first tim e tha t an 
FEA s im ulation was able to d iffe rentia te  between a c lin ica lly superio r im plant and 
an inferior implant, based on accurate predictions o f the long-term  m echanical failure 
processes occurring in a cem ented THR reconstruction. In ferio r im p lan t designs 
cause  in fe r io r c lin ica l resu lts , and the  cu rre n t s tud y  p roves  th a t the se  can be 
detected preclin ica lly by m eans o f FEA.
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Abstract
The most common failure mode for the femoral component in cemented total hip 
arthroplasty is mechanical failure o f the cement and its interfaces with bone and 
implant, according to the ‘damage accumulation failure scenario ’. R igorous pre­
clinical testing o f cemented hip implants against this failure scenario could prevent 
unsafe designs from entering  the market. For that purpose, a fin ite  elem ent 
simulation was developed to simulate the failure mechanisms involved: cement 
damage accumulation and stem migration. The question addressed was whether 
the simulation could accurately predict the relative failure resistance o f 4 cemented 
hip stems with different failure rates at 10 years post-operatively as reported in the 
Swedish Hip Register. The stems analyzed were the Lubinus SPII, Exeter, Charnley 
and Mueller Curved. It was found that relative to the predicted amount o f cement 
damage and characteristic cement failure patterns, the simulation correctly predicted 
the clinical ranking o f the designs. It was also found that with stem migration as the 
ranking criterion, the high ranking o f a force-closed design as the Exeter could not 
be confirmed. For the first time, a finite element simulation was validated for use as 
a pre-c lin ica l test against m echanical fa ilure and post-operative endurance o f 
cemented hip reconstructions.
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Introduction
A ltho ug h  cem en ted  to ta l hip rep la ce m e n t (T H R ) is a ve ry  succe ss fu l surg ica l 
procedure, high revision rates are occas iona lly  reported fo r hip im plants tha t are 
introduced on the orthopaed ic market. Recent stud ies report loosening rates o f up 
to 16% w ith in  three years post-operative ly, fo r several stem  des igns .17,32,47 These 
outcom es are in c lear contrast w ith the latest results from  the Swedish Hip Register, 
reporting an average revision rate o f only 5% afte r ten years, in a to ta l population 
o f 76,391 patients w ith cem ented hips o f various des igns .30
A septic  loosening is the m ost com m on cause fo r fa ilure in T H R .1630 Particu larly 
fo r the fem ora l com ponent, the fa ilure process is m echanical in nature, depending 
on stress-transfe r and the strengths o f in terface bonds and acrylic cem ents .18,41 The 
fa ilure scenario  fo r th is  process has been described as 'accum ula ting dam age '.18 
Accord ing to th is scenario repetitive loading o f the reconstruction produces creep, 
and the accum ulation o f dam age in the bu lk cem ent and along the interfaces. This 
reduces  th e  lo a d -ca rry in g  ca p a c ity  o f the  cem e n t m an tle  and cau ses  im p lan t 
m ig ra tion  and m icrom otion , from  w h ich  ab ras ive  pa rtic les  can be form ed. Peri- 
prosthetic osteolysis is invoked, eventually leading to gross failure of the component. 
The  e ffe c ts  o f th e se  p ro ce sse s  w e re  ob se rve d  in a u to p s y -re tr ie v e d  hip jo in t 
reconstruc tions,20 23 51 where stem -cem ent debonding and cem ent cracks appeared 
to  be com m on fea tu res  in the  fa ilu re  process  o f the  reco ns truc tio n . T he  issue 
addressed in th is  w o rk  is the  v a lid ity  o f tes ting  new p ros the tic  hip des igns pre- 
c lin ica lly in the laboratory w ith Finite E lem ent Ana lys is  (FEA) com puter sim ulation, 
re la tive to  the accum ula ting  dam age fa ilu re  scenario, in o rder to preven t unsafe 
devices from  reaching the market.
FEA s im ulation has often been applied to estim ate the stresses and study the 
load-transfer m echanism s in cem ented hip reconstructions,3,13 384049 and it has also 
been advocated as a too l fo r p re-clin ica l te s tin g .11 37 53 A  m ajor advantage o f FEA 
s im u la tions , re la tive  to  exp e rim e n ta l tes ting , is th a t phys ica l p ro to types  o f the 
im plants are not required; testing can be perform ed based on design specifications 
only. FEA offers great param etric flexibility, a llow ing design changes to be analyzed 
rapid ly. F urthe rm ore , FEA a llow s im p lan ts  to be tes ted  unde r com p lex  loading 
configurations, involving all kinds o f patient activities, and including m ultip le muscle 
loads. FEA has proven to be a useful research too l to study to ta l hip m echanics and 
fa ilure m odes in general, and the m echanical effects o f patient, m aterial o r design 
features in particular. However, FEA pre-clin ica l testing m odels require com putation 
and va lida tion  not only o f stresses and strains, but also require rea listic sim ulation 
o f the clinical failure scenarios. Not the prediction o f stresses is the issue in this case, 
but the prediction o f fa ilure in a tim e fram e, which is the sub ject o f the present work.
In the fram e o f an EU-sponsored m ultinational program  we, together w ith several 
o th e r groups, have conducted  research  and de ve lopm e n t to bu ild  dependab le
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methods for pre-clinical testing of cemented femoral hip stems for the probability 
of early mechanical failure. These tests are based on computer simulation using 
FEA. The research included the evaluation of musculo-skeletal tasks, and their 
frequencies, which the post-operative hip replacement patients are subjected to on 
a daily basis .33 Using instrumented hip prostheses, the hip jo in t loads experienced 
in these tasks were measured .45 This data was used to estimate the muscle forces 
in computer optimization studies.15 An experimental procedure was developed, using 
composite femurs, to measure strains in the cement and at the bone surface of a 
cemented THR reconstruction .943 Two FEA models, developed for the purpose of 
pre-clinical testing, were validated against the experimental strains with excellent 
results .43 An experimental test rig was developed for testing of composite femoral 
reconstructions in a physiological hip jo int and muscle loading configuration.6 Based 
on laboratory experim ents of creep and m icrodam age accum ulation in acrylic 
cem ents ,34 35 the FEA model was extended with simulation procedures for these 
processes .4650 51 These dynamic simulations were validated with dynamic testing in 
a specia lly designed THR loading rig, in which m igration of the stem could be 
measured .27 28 The FEA simulation was used to simulate in vitro fatigue experiments 
perform ed on fem oral reconstructions w ith two stem  types having a marked 
difference in clinical loosening rates. The simulation accurately predicted the cement 
damage and stem migration patterns for both stem types, indicating that the failure 
mechanisms were realistically simulated. The simulation differentiated between the 
two stems in the same way as the experiments did, with inferior results for the stem 
that performed worse clinically.42
The aim of the current study was to clinically validate the FEA simulation model 
to corroborate its usefulness for pre-clinical testing purposes. The simulation model 
was used to analyze the damage accumulation failure scenario for four different hip 
replacement stems, all with well-documented clinical outcomes. The stems were to
152
Fig 9.1 . The four stems analyzed in 
the current study, with their typical 
transverse cross-sections. From left 
to right: the Charnley Roundback, the 
Exeter, the Lubinus SPII and the 
Mueller Curved.
Table 9.1. Characteristics of the four cemented THR stems analyzed in the current study.
Stem Type Material Surface
Finish
Head
Offset1
Collar
Present
Modular/
Monoblock
Head
Diameter
Charnley CoCr Satin 36 mm Collar Monoblock 22 mm
Exeter St.less steel Polished 42 mm Collarless Modular 32 mm
Lubinus SPII CoCr Satin 43 mm Collar Modular 32 mm
Mueller Curved CoCr Satin 40 mm Collar Monoblock 32 mm
a Medial offset of the center of the prosthetic head in the reconstructions modeled, relative to the long 
axis of the femur.
be ranked from superior to inferior, based on the am ount of cem ent damage 
predicted by the finite element simulations. The research question was whether the 
ranking would concur with a clinical ranking based on long-term follow-up results 
presented in the Swedish Hip Register. This would indicate w hether the FEA 
simulation model is a valid and meaningful pre-clinical testing tool.
Methods
The Implants Analyzed
The damage accumulation failure scenario was simulated for four different cemented 
THR stems with a marked difference in clinical loosening rates. The following stem 
types were selected from the Swedish Hip Register:1629 the Charnley Roundback 
(Depuy, Johnson & Johnson, Leeds, UK), the Exeter Polished (Stryker-Howmedica- 
Osteonics, A llendale, NJ), the Lubinus SPII (W aldemar Link GmbH, Hamburg, 
Germany) and the Mueller Curved (JRI Ltd, london, UK). The selection criteria were 
that the stems should have been widely used for a long period of time, that there 
should be inter-stem variations in the clinical loosening rates, and that both force­
closed and shape-closed designs19 24 should be represented in the group. The 
selected stems are shown in Figure 9.1. Their design characteristics are listed in 
Table 9.1. Note that the Lubinus SPII is the only stem with an anatomic curvature 
in the sagital plane and that the Exeter stem is the only one without a collar. The 
survival curves for the four implants, as reported in the Swedish Hip Register, are 
shown in Figure 9.2. The Exeter and the Lubinus SPII stems showed sim ilar 
performance, superior to that of the other two stems. At ten years after surgery, the 
revision rates were 4% and 5% for the Lubinus SPII and the Exeter, respectively. 
The Charnley had a revision rate of 8%, and the Mueller Curved performed worst 
with a revision rate of 16%.
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Years post-operatively
F ig 9.2. Survival curves of the four stems 
analyzed in the current study, as reported in the 
Swedish Hip Register.16 29 30 The curves represent 
survival data from cemented THA reconstructions 
performed between 1978 and 1989.
FEA Models and Simulations
Four 3-D FEA models (Fig 9.3) were based on actual laboratory implantations of the 
stems in composite femurs (left femur model 3103, Pacific Research Laboratories, 
Vashon Island, WA). For each case, an experienced surgeon selected the optimal 
implant size, implanted it into a composite femur, and radiographed and CT-scanned 
the reconstructions. The reconstructions were reproduced in a solid modeling 
software package (Rhinoceros, Robert McNeel & Ass., Seattle, WA, USA). The 
geometries of the stems and the composite femur52 were already available as solid 
models. The radiographs and the CT-scans were imported into the program and 
were used to determine the orientation of the resection level and the position of the 
stem relative to the femur. The geometry of the cement mantle was then determined 
from the CT-scans. The laboratory reconstructions showed a thin layer of bone 
cement below the collar for all collared components. This thin layer was reproduced 
in the solid models as well. Below the tip of the Exeter stem, a void was assumed
Table 9.2. Characteristics of the four FEA models used in the current study.
Model Nr. of Nodes Nr. of Elements Nr. of Elements in Cement Mantle
Charnley 9690 7953 2370
Exeter 8270 6788 1950
Lubinus SPII 9085 7389 2604
Mueller Curved 9359 7702 2058
Fig 9.3A-D. Four FEA models were used in the current study. The models represent the proximal part 
of a composite femur with the following cemented stem types: (A) Lubinus SPII, (B) Mueller Curved, 
(C) Exeter, (D) Charnley.
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to be present, as produced by a centra lizer. Once the reconstructions were 
reproduced, meshing of the solid models was performed using self-written software. 
The resulting FEA m odels consisted o f 8 -node isoparam etric brick elements 
(Table 9.2). In a previously performed convergency test, the level of mesh refinement 
was found to be sufficient to obtain accurate predictions of stresses and strains .44
The cortex was assumed transversely isotropic, with elastic properties according 
to Stolk et al43 (Table 9.3) The spongeous bone, the cement mantle and the stem 
were assumed isotropic (Table 9.3). The cement properties were taken from Murphy 
and P rendergast,34,35 representative fo r Cemex RX low v iscosity bone cement 
(Tecres, Verona, Italy). The FEA models of the Lubinus SPII and the Mueller Curved 
reconstructions had been validated extensively in a previous study.43 Bone surface, 
and internal cement strains corresponded closely to experimentally obtained values, 
confirming realistic elastic behavior of the FEA models. The stem-cement interfaces 
were assumed debonded, and contact between stem and cement was described 
by a node-to-surface contact algorithm (MSC.MARC, Palo Alto, CA). Coulomb 
friction with a friction coefficient of 0.25 was assumed to be present.3150
Two loading configurations were applied, representing the most strenuous 
phases of the walking and stair climbing cycle, respectively. They included the hip 
jo int contact force and the forces of the glutei, the iliotibial tract, the tensor fasciae 
latae and the vastus medialis and latera lis .15,45 The iliotibal tract and the tensor 
fasciae latae were wrapped around the greater trochanter. The hip jo int forces were 
applied to nodes corresponding to the head center of the intact femur. This ensured 
that equal bending moments and torques were generated in each of the four FEA 
models. The force magnitudes and directions were those developed as a standard 
for mechanical testing of hip replacement implants within the framework of the EU 
project.4 A  loading history was composed from the walking and stair climbing data, 
representing a total of 20 million loading cycles. The loads were applied alternatingly 
in sequences of 250,000 cycles of stair climbing and 2.25 million cycles of walking. 
Thus, stair climbing and walking loads were applied in a ratio of 1:9 cycles, which 
is representative for active patients .33 A total of 20 million cycles corresponds to 
approximately 8 years of patient functioning .33
Table 9.3. Elastic properties used in the FEA models.
Part of Model Material Type Elastic Modulus (GPa)a Poisson's Ratio3
Stem CoCr alloy /  St.less steel 210.0 0.3
Cement Polymethylmethacrylate 2.40 0.3
Cancellous bone Polyurethane foam 0.40 0.3
Cortical bone Glass-fiber reinforced epoxy Ex, Ey — 7.0; Ez — 11.5
^ , Gzx — 3.5; Gxy — 2.6
Vxy,Vzy,Vzx — 0.4
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a The stem, cement and cancellous bone were modeled as isotropic. The cortex was modeled as 
transversely isotropic. See Figure 9.3 for definition of x, y and z directions.
An FEA a lgorithm  was derived to sim ulate the dam age accum ulation fa ilure 
scenario .45 A brief description of the simulation is presented here. The simulation 
monitors creep and damage accumulation in the cement at each integration point, 
as a function of the local stress levels and orientations, and the number of loading 
cycles. It also monitors stem migration attributable to these mechanical processes. 
The simulation combines a Maxwell creep model3650 with a damage accumulation 
model based on the theory  o f C ontinuum  Damage M echanics (C D M ).7 8 25 In 
accordance with the theory of CDM, it is assumed that microcracks accumulate in 
a cyclically-loaded material as a function of the local stresses and the number of 
loading cycles, causing a local degradation of the stiffness. In our simulation a 3-D 
CDM approach was adopted,51 implying that the damage state in an integration point 
is described by a tensor. This allows the damage to accumulate anisotropically in 
the directions of the three principal stress axes. As the stress orientation changes 
in the course of the simulation, the damage growth directions change as well. Only 
tensile principal stresses are assumed to cause damage accumulation. If damage 
accumulates, the three principal values of the damage tensor grow from 0.0 in the 
undamaged state, to a maximal value of 1.0 representing complete damage in the 
correspond ing  princ ipa l d irection. In the la tte r case, a p lanar (m acro)crack 
perpendicular to that direction is assumed to occur. The crack is accounted for by 
a smeared-crack approach:10 the stiffness matrix of the material is adapted locally. 
The elastic modulus normally to the crack plane and the shear moduli within the 
crack plane, are reduced to zero. Hence, the elastic behavior becomes anisotropic 
locally. The crack remains fixed during the rest of the simulation. A second and third 
crack can occur perpendicular to the first one. When three orthogonal cracks have 
formed, the material has locally lost its load carrying capacity in all directions.
Figure 9.4 shows an iteration scheme of the simulation. At the start of the simulation 
the damage tensor and the creep strain are set to zero for every integration point
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9
W  in the entire cement mantle. The peak hip jo in t and muscle loads for a cycle aree
applied to the FEA model, producing the peak cement stresses for a cycle. The FEA 
fö  code is used to calculate the nodal displacements and the stress/strain distributions
throughout the reconstruction. Each iteration (timestep) encompasses a certain 
number of loading cycles. During the timestep a certain amount of creep occurs and 
a certain amount of damage accumulates. The timestep value is limited to fulfill two 
requirements: 1) the incremental equivalent creep strain is smaller than 5% of the 
equivalent elastic strain at any integration point within the cement mantle; 2 ) the■O
^  damage can become complete in one direction in one integration point only in the
fö  entire cement mantle. These requirements ensure that the tim esteps are small
_ Q
I
<
relative to the characteristic times of the creep and damage accumulation processes.
Once the timestep has been calculated, the creep strain and damage tensors 
are updated to account for the creep and damage accumulation during the timestep 
^  calculated. For every integration point, the increment of the equivalent creep strain
(£ceq) within the timestep must be determined from the equivalent Von Mises stress 
(ovm) and the number of loading cycles within the timestep. The algorithm applied 
for this purpose is based on an empirical relation between the equivalent creep 
strain, the number of loading cycles (n) and the Von Mises stress :48O
a
>
C
eceq = 7.985 ■ 10-7 ■ n0 4113-0116 losG™ ■ovm1 9063 (9.1)
^  Once the equivalent creep strain increment is calculated, the individual components
^  of the incremental creep strain tensor are calculated with a flow rule ,50 describing
how the individual components of the stress tensor contribute to the equivalent Von 
Mises stress. In the FEA code, the creep strain increment is accounted for using an 
implicit integration scheme.
In parallel with the creep strain tensor, the damage tensor is updated for every 
integration point. The principal stresses are determined. If one the principal stresses 
is tensile, damage is assumed to accumulate in the direction of the corresponding 
principal stress axis. The amount of damage determined as a function of the total 
num ber of loading cycles, the tensile  stress and the tim estep value, using an 
algorithm based on the uni-axial relations:34,35
\3.92
D =
n
N f
where: 0 < D < 1 (9.2)
o = -4 .736 ■ log(Nf) + 37.8 (9.3)
Equation 9.2 describes the non-linear development of the damage (D) as the number 
of loading cycles (n) reaches the fatigue life of the cem ent (Nf). Equation 9.3 
describes the fatigue life of Cemex RX bone cement. After the damage growth in 
all three principal stress directions has been accounted for, and the total damage 
tensor has been updated, the principal values of the damage tensor are determined.
A check is performed to see whether the damage has become complete in the 
principal damage directions. If this is the case, a crack is accounted for by adapting 
the material stiffness matrix of the integration point.
Once the creep strain tensor and the damage tensor are updated, a new iteration 
is started. Hip jo int and muscle loads are again applied to the FEA model and the 
new stress/strain distributions and nodal displacements are calculated. This iterative 
procedure continues until the loading history studied has been completed.
For each implant the total number of cement cracks formed, their distribution in 
the mantle, the peak tensile stresses in the cement, and the migration of the stem 
relative to the bone were evaluated. As the four FEA models had a different number 
of cement elements, the total number of cement cracks was normalized to the total 
number of cement cracks ultimately possible, being equal to three times the total 
number of integration points in the cement mantle. Thus, a mesh-independent 
comparison could be made. Stem migration was determined by calculating the 3-D 
ro ta tions and trans la tions  o f the stem  w ith in  the bone, re la tive  to the in itia l 
configuration where no damage accumulation and creep had occurred yet.
Results
The damage accumulation processes in the cement mantles around the four stem 
types developed considerably different. The M ueller Curved stem produced a 
dramatically higher number of cement cracks than the other stems (Fig 9.5) The 
Charnley stem performed better than the Mueller Curved stem, but worse than the 
Exeter and the Lubinus SPII stems. The latter two were similar in the relatively low 
numbers of cracks produced, but behaved differently over time in that the crack
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Fig 9.5. The total number of 
cement cracks around the four 
stem types as a function of the 
number of loading cycles. The 
total number of cement cracks was 
normalized through division by 
the total number of cement cracks 
ultimately possible, being equal to 
three times the total number of 
integration points in the cement 
mantle (eight integration points 
per element).
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form ation rate around the Exeter was m ore-or-less constant w hile around the 
Lubinus SPII it reduced (Fig 9.5). Hence, in the end the Exeter had provoked 
considerably more cracks than the Lubinus SPII. After 20 million loading cycles the 
normalized number of cracks around the Mueller Curved, the Charnley and the 
Exeter exceded the number of cracks around the Lubinus SPII by factors of 4.5, 2.0, 
and 1.4, respectively. For all stems the crack formation rate was particularly high 
during the initial 100,000  loading cycles, but reached a steady state later.
Not only the number of cracks differed between the four stem types, but also the 
crack distributions differed considerably, indicating that the stems exhibited different 
failure mechanisms (Fig 9.6). Around the Mueller Curved, crack formation started 
at the tip level and below the collar. Crack formation in these zones did not stabilize 
and the cracked zones grew rapidly towards the mid-stem level, generating crack 
pathways from the collar to the tip along both the lateral and the medial side of the 
implant. Crack formation always initiated at the stem -cement interface near the 
edges of the stem, but rapidly crossed the full cement thickness to reach the bone- 
cement interface. Around the Charnley, crack formation also started below the collar 
and around the tip. A t the tip the cracked zone extended over the full cement 
thickness on the lateral side only, whereas below the collar, full thickness cracks 
were only found on the medial side. After the first one million cycles, crack formation 
around the tip stabilized and came to a halt. However, the cracked zone below the 
collar continued to grow distally along the lateral and medial sides of the stem, 
gradually forming proximodistal damage pathways. Around the Exeter stem, only 
a few cracks were generated at the tip. Crack formation started primarily proximal 
around the medial side and the postero-lateral corner of the stem. In the course of 
time, the cracked zones expanded distally. However, they crossed the full cement 
thickness on the proximo-medial side only. Around the Lubinus SPII stem, the crack 
zones remained rather localized. Crack formation initiated around the tip, and below 
the collar. After the first one million cycles, crack formation came to a rest in these 
regions. After approximately 10 million cycles cracks were also generated at the mid­
stem level. A lthough the cracked zone at the m id-stem  level expanded both 
proximally and distally, no proximo-distal damage pathways were formed within the 
20 million loading cycles simulated.
A ranking of the four stems based on the peak tensile cement stresses at the 
start of the simulation, did not concur with a ranking based on the development of 
the damage. During the first loading cycle, the peak tensile stresses in the cement 
mantle, were 17.6, 24.1, 25.2, and 33.3 MPa, around the Charnley, Exeter, Mueller 
Curved and Lubinus SPII stems, respectively. However, these initial peak stresses 
were released by creep and the formation of cracks, in the course of time. Stress 
release was particularly strong around the Exeter (Fig 9.7) and the Lubinus SPII 
stems, while around the Charnley, and particularly around the Mueller Curved stems 
(Fig 9.7), the peak tensile stresses released to a much lower extend, indicating 
instabilities in the damage accumulation process. Around all four stem types, cracks 
were mainly generated by high tensile stresses in the hoop direction, causing the
Fig 9.6A-D. The crack distributions in the cement mantle after 20 million loading, around the 
(A) Lubinus SPII, (B) Mueller Curved, (C) Exeter, and (D) Charnley stems. The mantles are split open along 
the midfrontal plane. The inside of the posterior part of the mantle is shown on the left; the inside of 
the anterior part on the right. The black zones indicate the regions where cracks are formed. 161
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F ig  9.7. The peak tensile 
stress in the cement mantle 
around the Exeter stem and 
the Mueller Curved stem as a 
function of the number of 
loading cycles.
0 4 8 12 16 20
Simulated time (million cycles)
mantle to split open in the radial direction. There were hardly any integration points 
in the cement mantles around any stem, where the damage became complete in 
more than one direction. Only below the collar of the Mueller Curved stem, three 
orthogonal cracks were produced at several integration points.
High stem migration did not correlate with high damage accumulation rates in 
the cement mantle (Fig 9.8). The head center of the Exeter stem showed the highest 
migration values in both the distal and posterior directions, due to distal migration 
and posterior rotation about its long axis. The Charnley stem was second highest 
in posterior and distal migrations. The Mueller Curved stem migrated considerably 
in the medial direction, indicating that the stem tilted into varus while creep and 
damage accumulation proceeded. The Lubinus SPII produced the lowest migration 
values, indicating a relatively high degree of stability.
—  Exeter
—  Mueller Curved
v
Discussion
The aim of the current study was to clinically validate FEA simulation of the damage 
accumulation failure scenario to corroborate its usefulness for pre-clinical testing 
of cemented THR implants. The FEA simulation was performed with four femoral 
stems with well-documented clinical outcomes. The stems were to be ranked from 
superior to inferior, based on the am ount of cem ent damage predicted by the 
simulations. The research question was w hether the pre-clinical ranking would 
concur with clinical ranking, based on long-term follow-up results from the Swedish 
Hip Register. The answer was affirmative.
The survival curves of the Swedish Hip R egister (Fig 9.2) show a marked 
difference in the clinical outcomes of the four stems. If the stems are ranked based
on their clinical performance, it would be from superior to inferior: (1) Lubinus SPII;
(2) Exeter; (3) Charnley; (4) Mueller Curved. The Lubinus SPII is the best performing 
stem with a revision rate of only 4% ten years post-operatively. The Exeter performs 
slightly worse, with a revision rate of 5%. The Charnley and the Mueller Curved 
stems perform inferiorly, with revision rates of 8% and 13% after ten years. The 
survival curves referred to are all based on implantations performed between 1978 
and 1989. Although more recent survival data is available for the Lubinus SPII, 
Exeter and Charnley stems, the early data was used to rule out differences in 
cementing techniques used with the implants. The Mueller Curved stem, used 
between 1970 and 1980, was generally implanted with first generation techniques .29 
In its days, it performed worse than the Charnley stem implanted with first generation 
cementing techniques .1239 The Lubinus SPII and the Exeter Polished were not used 
in clinical practice until the mid 1980's, and were generally implanted with modern 
cementing techniques. Currently, these implants produce results that are superior 
relative to Charnley stems implanted with modern cementing techniques .30
The FEA s im ulations predicted d iffe ren t am ounts o f cem ent damage and 
d ifferent fa ilure m echanisms for the four stem types. Ranking the stem s from 
superior to inferior, based on the normalized number of cracks at the end of the 
sim ulated period o f service leads to a sequence tha t concurs with the clinical 
ranking: (1) Lubinus SPII; (2) Exeter; (3) Charnley; (4) Mueller Curved. One could 
argue that if ranking would have been determined at any point within the first eight 
million loading cycles, the order of the Lubinus SPII and the Exeter stems would be 
reversed. However, after two million cycles, the crack formation rate was already 
higher around the Exeter stem, indicating that the damage accumulation process 
developed more rapidly around tha t component. Apparently, the Lubinus SPII 
benefited more from stress release during the initial stages of the loading history, 
producing a low steady state crack formation rate during the rest of the period. It is 
the steady state crack formation rate that characterizes the development o f the 
damage accumulation process on the long-term. If not the number o f cracks, but 
the steady state crack formation rate would be used to rank the stems, the ranking 
would still be the same as the clinical ranking. If a ranking would be based on the
Fig 9.8. The migration of the 
stem relative to the bone after 
20 million cycles of loading. The 
migration values represent the 
translation of the head center in 
the medial, posterior and distal 
directions.
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failure mechanisms of the four stems, i.e. the rate at which proximo-distal damage 
pathways were developed in the cement mantle, and on the number of full thickness 
crack zones, the ranking would again be the same as the clinical ranking.
It is w idely recognized that high stem migration rates are predictors for early 
revision of the femoral com ponent.22 54 However, the amount of migration that is 
acceptable may differ between stem types, and depends on the design concept. 
Hence, it is not meaningful to rank the stems based on the amount of migration predicted 
by the simulations. The doubly tapered, polished Exeter stem is a force-closed 
design ,19,24 relying upon subsidence in the cement mantle to maintain its stability. 
Such a stem design accomodates higher migration rates than the other three stems, 
which are shape-closed designs .19 24 These stems are not meant to subside, and 
maintain their stability by means of a collar, a rough surface finish, and features like 
an anatom ical curvature. In the current study, the stem s genera lly  behaved 
according to their design concepts. The Exeter stem showed the highest subsidence 
values, but did not produce increased damage accumulation rates relative to the 
other components. Alfaro-Adrian et al12 compared clinical migration rates between 
Exeter and Charnley stems, and found higher distal migration rates for the Exeter 
stem. This was confirmed in the current study. However, they also observed higher 
posterior rotation rates for the Charnley. This was not reproduced in the current 
study, which is probably due to the small size of the Exeter stem used. For small 
sizes of the Exeter stem the medial aspect is rounded off, as opposed to rectangular 
for larger sizes, reducing its torsional stability. Kärrholm et al22 found much lower 
distal subsidence rates for the Lubinus SPII stem, than for the Exeter stems. In a 
separate study21 they found that the primary mode of migration of the Lubinus SPII 
stem was posterior rotation. These findings were also predicted by the simulations.
The migration values predicted by the simulations were low relative to migration 
values found clinically. In the current study, distal migration values did not exceed 
150 |am. In contrast, distal migration values of 1 mm at one year after surgery were 
reported for the Exeter stem ,119 and distal migration values of up to 0.3 mm were 
reported for Lubinus SPII stems that were not at risk for revision.21 It was recognized 
earlier that FEA simulations underpredict the migration rates found clinically.19 One 
reason is that the FEA models assume optimal stem-cement contact and cementing 
conditions, with the absence of cement irregularities such as blood, pores, pre­
cracks and interface porosity. Furthermore, abrasion and biological responses of 
tissues, such as peri-prosthetic bone loss and soft tissue form ation, were not 
included in the simulations. These processes are bound to affect the damage 
accumulation process in a negative way, reducing the lifetime of the reconstruction, 
and leading to higher stem migration values than predicted in the current study.
All four FE models assumed debonded stem-cement interfaces with a friction 
coefficient of 0.25. Although gradual debonding of the interface is a part of the 
mechanical failure process ,18 20 it was not included in the simulation. The rate of 
debonding is much higher than the rate of the damage accumulation process. For 
a polished component debonding will likely occur soon after implantation of the
stems .24,26 For a component with a satin surface finish, the rate of the debonding 
process rem ains subject to specu la tion .14,26 However, in an earlier study42 the 
simulation was shown to produce realistic failure mechanisms for the Lubinus SPII 
and the Mueller Curved stems, relative to experimental laboratory fatigue tests, when 
the interface was assumed to be unbonded with a friction coefficient of 0.25. This 
indicates that the assumed interface conditions are probably accurate.
The FEA simulation scheme we proposed for pre-clinical testing of cemented hip 
implants tests implants against the damage accumulation failure scenario. As such, 
it will be effective in differentiating between a range of implants and design features. 
However, it may not be able to filter out all design problems. If a design feature 
triggers another failure scenario than the one for which the test was developed, such 
as the wear-related particulate reaction scenario ,18 the negative effects may not be 
detected. This mean that also tests should be developed to test implants against 
failure scenarios other than damage accumulation.
The FEA sim ulation scheme presented in the current study sim ulated the 
damage accumulation failure scenario for four cemented THR stems, with well- 
documented clinical outcomes. It was able to produce a ranking of the THR stems 
that corresponds with a ranking of the four stems based on their clinical results. This 
is the first time that an FEA simulation is able to differentiate between cemented THR 
implants with different clinical results in a valid and meaningful way, based on the 
simulation of long-term failure processes. Inferior implants cause inferior results, and 
the present study shows that these can be detected pre-clinically by means of FEA.
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n The main purpose of the present work was the development of a finite element (FEA) 
based pre-clinical test for cemented total hip replacement (THR) stems against the 
damage accumulation failure scenario. To achieve this technological goal, some 
problems of a more fundamental technological nature had to be tackled. Further­
more, issues of a medical scientific nature were touched upon while developing the 
FEA methods. Hence, the work presented can be considered in different ways: 
according to its technological goal concerning the development of a pre-clinical 
testing tool, according to its techno log ica l research questions related to the 
achievem ent of the technolog ica l goal, and according to its sc ientific  medical 
accomplishments.
The scientific accomplishments are embedded in the long history of research relative 
to failure mechanisms of cemented THR at the Orthopaedic Research Lab of the 
University of Nijmegen .25,55,56,63,65,67 The underlying general question for these efforts 
can be represented as 'Why do hip joint replacements fail?'. Answers to this question 
were sought in biomechanical and biological causes, or combinations thereof, and 
were revealed by means o f FEA sim ulations, laboratory bench-tests, animal 
experiments and clinical studies. The load-transfer in cemented THR reconstructions 
was studied ,25 relative to hip jo int loading and prosthetic stem design; the strength 
of acrylic bone cement was determined ,11 and related to cement loading in vivo;62 
the biological reactions of bone to cement were evaluated ;56,67 the temperatures of 
curing bone cement were studied relative to bone necrosis and resorption;1025 creep 
properties of bone cement were determined,61 and related to implant migration;63 and 
stress shielding, due to subnormal peri-prosthetic bone loading, was considered.70 
Studies like these have contributed to the perception of implant failure in cemented 
THR, and have led to the formulation of failure scenarios .27 These provided the 
realization that fa ilu re  is a process, consisting of a series of m echanical and 
biological events, rather than one single event itself. Within the orthopaedic research 
community the establishment of the Scandinavian Hip Registers was of great value, 
as they provided nation-wide clinical recording facilities for prosthetic endurance in 
vivo.23,41,42 Although failure of individual THR reconstructions is influenced by factors 
such as surgical technique ,41,47 patient weight24 and activity level,35,54 these effects 
were averaged out in the Registers. As such, the Registers showed that prosthetic 
endurance was different for different implant designs. However, despite the extensive 
and va luable  in form ation provided, the relation between im plant design and 
prosthetic endurance remained unclear. With all the knowledge currently available 
on cemented implant failure, the underlying research question at the Orthopaedic 
Research Lab has gradually shifted towards 'How is failure affected by implant 
design, and can we predict prosthetic endurance of implant designs at a pre-clinical 
stage?'. As such, the work presented in this thesis is a logical step forward from the 
work that was performed at the institute during the past decades.
The first scientific implication of this work relates to the hypothesis on which the 
work was based: clinical failure of cemented THR stems is caused predominantly
by the effects of stem-cement loosening and cement-crack propagation, related to 
prosthetic design. This hypothesis was based on clinical and experimental findings 
showing that debonding of the stem-cement interface and cement crack formation 
precede gross loosening of the implant.30,33344557 In the present work this hypothesis 
was confirm ed experim enta lly and clinically, using advanced FEA methods to 
simulate the failure mechanism involved. The Scandinavian Registers show that 
different stem designs produce different prosthetic endurance,23,41,42 and the present 
work proves that this can be explained by differences in the probability for damage 
to accum ulate in the bulk cem ent and along the interfaces. Hence, the most 
dominant mode of failure for the femoral component is likely to be cement-crack 
propagation. This also implies that increased patient weight, and high activity levels 
(both related to increased hip jo in t loading) will accelerate the failure process. 
Furthermore, the confirmation of the cement-crack propagation hypothesis implies 
that, given enough time of post-operative life, every prosthetic reconstruction will fail 
eventually. Other failure scenarios, such as the wear-related particulate reaction 
scenario and the stress shielding scenario, may also play a role in fa ilu re  of 
cemented THR stems.27 Their effects (peri-prosthetic osteolysis and bone resorption) 
may even acce lerate  the crack propagation process in the cem ent m antle .65 
However, these scenarios are probably of secondary importance when trying to 
explain design-related differences in prosthetic endurance.
A second scientific implication relates to the assumption that stem surface finish 
(roughness or precoating) can hardly prevent the stem-cement interface to loosen, 
and that interface debonding occurs within a relatively short period of time after 
surgery. For stems with a polished surface, such as the Exeter stem, this assumption 
is generally accepted .2,15,26,37 For stems w ith a satin or matt surface finish this 
assumption is subject to debate ,15,20,38 although there is substantial clinical and 
experimental evidence that debonding is likely to occur, long before the service life 
of the implant is reached .3044 4553 In fact, RSA-studies show that virtually all implants 
subside relative to their cement mantles .3169 Based on the assumption that stem- 
cem ent debonding occurs rapidly, the FEA sim ulations o f m echanical fa ilure 
performed in the present work were run with a completely debonded stem-cement 
interface from the start o f the simulation. The adequacy of the assumption was 
supported by the finding that the simulations could predict relative differences in 
prosthetic endurance in accordance with clinical outcomes, despite the fact that 
im plants w ith a d ifferent surface roughness were analyzed. Furtherm ore, for 
reconstructions with a Mueller Curved and a Lubinus SPII stem, it was found that 
failure mechanisms as predicted by FEA only concurred with those observed in 
experimental fatigue tests when the stem -cement interface was assumed to be 
unbonded; not when it was assumed to be bonded. Note that the detrimental effects 
of cement abrasion after stem-cement debonding, attributable to the stem surface 
roughness, can not be simulated with the FEA tool developed in the present work.
Another scientific accomplishment of this work, relevant for orthopaedics, is the 
finding that post-operative prosthetic migration is, contrarily to what was thought
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n earlier,22,40,69 not a valid criterion to differentiate between implants. Clinical RSA- 
studies have shown that migration rates can be used as an effective criterion to 
select those implants that fail early, from implants of the same type .31,69 In those 
cases, early loosening and high migration rates are likely to be related to sub-optimal 
stem placement, and thin or defective cement mantles,12 133452 the effects of which 
could be investigated with the FEA tool developed in the present work. However, 
the critical migration rates will vary between implant designs, depending on stem 
shape and surface fin ish .2,28,32 Force closed designs, like the Exeter stem, can 
accommodate high migration rates without being detrimental to the cement mantle, 
while shape closed stem designs typically produce low migration rates.2 15 26 From 
this perspective, it is obvious that absolute migration values should not be compared 
between implants of different design in an attempt to predict their clinical quality.
Failure of cemented THR is a long-term process, hardly ever an event.27,57 In this 
light the value of traditional static FEA simulations is controversial, as they usually 
evaluate the stresses throughout the reconstruction in the direct post-operative 
situation only.8 18265266 The present work showed that differentiation between implant 
designs based on the initial peak stresses in the cement did not produce a clinically 
relevant ranking. Apparently, some implants accommodate high stresses over time, 
whereas others do not. Hence, there is no distinct relationship between the initial 
stresses and prosthetic endurance. Although static FEA simulations have been 
useful in analyzing global load-transfer patterns, the present work indicates that 
these simulations are not suited to determine the relative quality of different implants, 
and are therefore not suited for pre-clinical testing against long-term failure. Pre­
clinical testing requires dynamic FEA simulations, analyzing long-term failure in a 
time frame. The present work showed that such FEA simulations can successfully 
differentiate between cemented THR stems of different clinical quality.
It has been claimed that the accommodation of high peak stresses by certain 
implant designs can be explained by creep of bone cement.15 3750 This would indicate 
that creep is an important factor in prosthetic endurance. In the current study, creep 
was found to attenuate high stresses, thereby decelerating the damage accumu­
lation process. Furthermore, creep was found to be an important factor in implant 
m igration. This indicates tha t the effects o f damage accum ulation should be 
considered in combination with those of creep, when analyzing long-term failure of 
cemented THR implants.
The present work has contributed to the awareness that torsional loading and 
to rsional s tab ility  are im portant factors in long-term  fa ilure of cemented THR 
implants. Stair climbing, producing relatively high torsional hip joint loads, was found 
to be much more detrimental to the reconstruction than normal walking, even when 
carried out for a relatively low number of cycles during daily patient functioning. In 
the field of orthopaedics, the awareness of the detrimental effects of torsional implant 
loading has grown substantially during the last decade.45171 Studies with telemetrized 
hip implants have shown that torsional hip jo int loading with varying intensity occurs 
during all kinds of patient activities .3,4,9 Furthermore, RSA-studies have shown that
most implants rotate about their long axis during in vivo service.2,31,32 The detrimental 
effects of torsional loading on prosthetic endurance were confirmed in the present 
work. These findings imply, first of all, that patients should minimize activities that 
produce high torsional loads, such as stair climbing, although this may be difficult 
to achieve in practice. More important may be that torsional stability should be an 
important aspect in implant design; prostheses should not be designed based on 
the frontal plane only. This also implies that implants should be tested pre-clinically 
against torsional loading in pre-clinical tests, so that torsional stability is critically 
addressed.
A final scientific implication of this w ork relates to the discussion about the 
muscle forces that most prominently affect the load distribution within a cemented 
THR reconstruction .7 1639 The present work showed that particularly the abductor- 
muscle group had a major impact on the load distribution within the reconstruction, 
far greater than that of the other muscle groups. The present work also addressed 
the controversy about the impact of the iliotibial band,7,17,29 showing that its effect 
on the load distribution was of lesser importance than that of the abductors. These 
findings imply that the loading configuration of experimental bench-tests or computer 
models, testing cemented fem oral reconstructions, should at least include an 
abductor-muscle force, in addition to the hip jo int contact force.
The second way to consider the present work is according to its technological 
research merits, attained in order to reach the overall goal of a numerical pre-clinical 
test. The technological research performed elaborated on earlier work by our group. 
During the past decades the lab has built up an expertise in the use of FEA techniques 
to analyze bone-implant constructs. A considerable number of innovative FEA tools 
and simulation methods were developed fo r that purpose. Software tools were 
developed to build 3-D CT-based FEA models of jo int reconstructions. Furthermore, 
FEA algorithms were developed to simulate, in a time frame, peri-prosthetic bone 
remodeling related to stress shielding,6070 to simulate debonding of the stem-cement 
interface ,64 to simulate creep of acrylic bone cement,63 to simulate crack formation 
in the cement mantle ,65 to analyze temperature distributions in the reconstruction 
after cement curing ,25 and to optim ize implant stiffness relative to the stresses 
produced in the reconstruction.36 In the current work, the existing tools and simulation 
methods were taken a step further. They were used to derive dependable FEA 
methods, serving as a basis for further development of a pre-clinical test.
The first technological accomplishment was the establishment of an FEA method 
to simulate the failure mechanism involved in the damage accumulation failure 
scenario. The simulation included both damage accumulation and creep. It was 
based on FEA methods developed in earlie r stud ies ,63,65 s im ulating creep and 
dam age accum ula tion  separately. R ela tive to the orig ina l FEA algorithm s, 
compromises had to be made to implement the combined processes into the FEA 
code, to reduce the computational costs, and to prevent the use of software-specific 
modeling options. The latter was important to allow the FEA simulation to be used
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n with different FEA software packages. On the other hand, improvements were made, 
the most important being that the damage formulation was adapted to allow non­
linear accumulation of damage, which is typical for acrylic bone cement.49 Thus, a 
novel FEA method was obtained, sim ulating the combined effects of damage 
accumulation and creep in a time frame, and allowing cement crack formation and 
implant migration patterns to be predicted.
W hether the FEA simulation produced dependable results was verified in two 
stages. In the first stage, the sensitivity of the FEA predictions to mesh density was 
analyzed by simulating crack propagation experiments, using models with increasing 
levels of mesh refinement. It was found tha t the crack patterns (locations and 
orientations of cracks) were virtually independent of the level of mesh refinement, 
but that crack propagation rates increased with mesh density. This was attributable 
to the presence of singular points in the FEA meshes,72 producing peak stresses 
tha t increased w ith mesh refinem ent. Increased stresses resu lt in reduced 
endurance. These findings indicate that crack patterns can be compared between 
meshes of different mesh density, but that crack propagation rates can only be 
com pared on a quan tita tive  basis when m odels w ith s im ila r levels o f mesh 
refinement are used. The second stage comprised the experimental validation of 
the FEA predictions. Validation was performed against the experimental results of 
fa tigue tests  on tubu la r cem ent specim ens, on transverse  s lices o f fem oral 
reconstructions, and on whole femoral reconstructions with different THR implants. 
The simulation was shown to produce accurate failure mechanisms, in terms of 
crack locations, crack orientations, and implant migration patterns. However, it 
proved to be d ifficu lt to predict accurate crack propagation rates and, hence, 
accurate timescales of the failure process. This may, first of all, be attributable to 
the mesh-dependence of the crack propagation rate. A second factor may be related 
to the sensitivity of the crack propagation rate to the fatigue properties of bone 
cement, used as input fo r the sim ulation. The S-N curves, which are usually 
determined under well-controlled experimental conditions, may not be representative 
for cement as present in femoral reconstructions, probably containing more defects, 
more pores, and more debris from the broaching process. If the S-N data is not 
representative for the cement in situ, predicted crack propagation rates may be 
unrealistic. Note that, in pre-clinical testing, the prediction of accurate timescales 
is not the highest priority. Quantitative comparison of predicted crack patterns, 
propagation rates, and migration rates between reconstructions with different THR 
implants is allowed on a relative basis, when the FEA meshes are of similar mesh 
density and when the same fatigue data is used in all simulations.
Another technological accomplishment of the present work was the development 
of a method to reduce the mesh-sensitivity of predicted crack propagation rates, by 
eliminating the effect of stress singularities. The method was referred to as a stress 
concentration limiter (SCL): an FEA algorithm that simulates the attenuation of high 
stress gradients by spatially averaging the stresses, thus mimicking the stress­
attenuation effects of local plastic deformation19 and small fillet radii at seemingly
sharp corners.1 The SCL was implemented in the FEA simulation of cement failure. 
It was shown that it was an effective method for producing peak stresses and crack 
propagation rates that were independent of the level of mesh refinement. It was even 
shown that the control variables of the SCL could be determined in such a way that 
realistic crack propagation rates were produced. As such, the SCL should preferably 
be used in combination with the FEA simulation of cement failure. Unfortunately, 
application of the SCL to 3-D FEA models of femoral reconstructions is currently 
limited by the computational power available. The present work showed that, in order 
for the SCL to be effective, the size of the elements in the mesh should be extremely 
small. It was estimated that a total of 700,000 elements would be required to model 
the cem ent m antle alone, w hereas com puta tiona l pow er cu rren tly  allows 
approximately 10,000 elements for the entire model. For that reason the SCL was 
not applied when simulating cement failure in 3-D models of femoral reconstructions. 
This implied tha t predicted crack propagation rates could be com pared on a 
quantitative basis between FEA meshes only when models of similar mesh density 
were used, which was the case in the present work.
The third way to consider the present work is according to its main technological 
goal: the creation and validation of an FEA-based pre-clinical testing method for 
cemented THR stems. This goal was embedded in the greater project of an EU- 
sponsored pre-clinical testing consortium81. The research institutes in this consortium 
were jo ined not only to establish and validate the pre-clinical testing protocols 
them selves ,6 40 58 but also to derive data necessary fo r setting up the tests, but 
currently missing in the scientific field. This concerned the experimental assessment 
of fatigue (damage accumulation) parameters for acrylic bone cement,49 formulated 
in m athem atica l expressions tha t could be used in the s im u lations, and the 
development of a standardized loading profile suitable for pre-clinical testing .5 The 
responsibility of our group was to set up and validate the FEA-based pre-clinical test, 
com bin ing our know ledge w ith tha t of the o ther partners. As such, the work 
presented here represents the combined efforts of all partners within the EU-project 
to establish a validated FEA-based pre-clinical test.
The firs t step in the developm ent of the pre-clinical testing protocol was to 
deve lop softw are too ls  to build rea lis tic  FEA m odels of cem ented fem oral 
reconstructions with different THR implants. These tools allowed the pre-planning 
and broaching processes to be simulated in the computer, and facilitated meshing 
of the reconstructions. The next step was to derive an FEA algorithm to simulate the 
long-term failure mechanism involved in the damage accumulation failure scenario. 
Input data describing the fatigue and creep behavior of acrylic bone cement was 
obtained from extensive materials testing, performed by the Irish partners within the 
p ro je c t.48 49 Em pirica l re la tions w ere derived, describ ing  non-linear damage
a European Union, Project SMT4-CT96-2076: ‘Pre-Clinical Testing of Cemented Hip Replacement 
Implants: Pre-Normative Research for a European Standard'. 175
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n accumulation rates in cyclically loaded bone cement and the fatigue life of the 
cement, as a function of stresses applied (S-N curves). The last step was the 
definition of a suitable loading profile. For that purpose, the German partners within 
the EU-project derived standardized loading configurations for simulation of walking 
and stair climbing, prescribing the magnitude and direction of the hip jo int force and 
5 muscle forces, including the abductors .5 These loading configurations were 
extracted from a revolutionary dataset of hip jo int and muscle forces during all kinds 
of activities, as determined from patient measurements3 and muscle-optimization 
models.21 In the current work, these configurations were used to define a loading 
history fo r FEA-based pre-clin ica l testing that included both walking and stair 
climbing. Stair climbing was included because it was found to critically address the 
rotational stability of the implant, whereas walking was included because it is likely 
to be more critical for distal subsidence. The proposed loads for stair climbing and 
walking were applied to the reconstructions alternatingly in a ratio of 1 to 9 cycles. 
The relative frequencies of normal walking and stair climbing were determined from 
extensive measurements of patient activity patterns46 showing that active patients 
performed approximately 1 stair climbing cycle for every 9 walking cycles.
To accept the FEA-based pre-clinical test as an effective and convincing pre­
clinical testing methodology, extensive validation is essential. In the current work, 
validation was carried out in three stages. The first stage comprised the validation 
of FEA models themselves. Two models of cemented femoral reconstructions were 
validated against experim ental bone and cement s tra ins ,6 as measured under 
different static loading configurations. The FEA models reproduced the experimental 
strains within an overall agreement of 10%, confirming the accuracy of the geometry 
and the mechanical properties of the models. The second stage comprised the 
experimental validation of the FEA simulation, in terms of predicted long-term failure 
mechanisms. Experimental fatigue tests were simulated as performed on femoral 
reconstructions with two different stem designs .40 It was shown that cement crack 
patterns and migration patterns for both implants were predicted in accordance with 
the experim enta l find ings, but tha t the tim esca le  o f the fa ilu re  process was 
overestimated. Still, the FEA simulations differentiated between the endurance of 
both implants in the same way as the experiments did. The third stage comprised 
the clinical validation of the FEA-based pre-clinical test. Mechanical failure of the 
reconstruction was simulated for four implants with well-known differences in clinical 
endurance, as apparent from the Swedish Hip Register.23 42 More detrimental crack 
formation patterns were predicted for inferior stem types, indicating that the pre­
clinical test d ifferentiated between the four implants in accordance with clinical 
endurance. This study validated the pre-clinical testing methodology as a whole, 
including the FEA simulations, the loading protocol, and the hypotheses regarding 
the most dominant failure scenario, on which the entire work was based.
Although the validation studies produced satisfactory results, further exploration 
and application of the test could improve the testing methodology as a whole, and 
deepen our understanding of the relation between stem design and long-term failure.
First of all, the test could be applied to other implant designs; particularly those for 
which inferior clinical results were recently reported.24,43,59 If the inferior clinical quality 
of these implants could be confirmed, this would strengthen the pre-clinical test. 
Another application would be to investigate the effect of stem placement, head offset 
and cement mantle thickness on the longevity of the reconstruction. In the current 
work, stem placement, cement mantle thickness and head offset were reproduced 
from reconstructions as created by experienced surgeons, and were assumed to be 
representative for clinical situations. In reality these variables will differ between 
reconstructions, and the sensitivity of prosthetic endurance to these variables can 
be investigated with the test developed. A third application would be to analyze the 
effect of d iffe ren t creep and fa tigue properties o f bone cem ent on prosthetic 
endurance. Differences in cement viscosity, or cement constituents, may affect the 
mechanical failure process of the reconstruction. The test developed in this work 
could be used to analyze these effects, given that the fatigue and creep properties 
of these types of bone cement are known in detail.
The work presented in this thesis confirms earlier suggestions14 68 that FEA 
simulation is a viable tool for pre-clinical testing of cemented THR stems against 
the damage accumulation failure scenario. Through extensive validation it was 
shown that the test developed was able to differentiate between superior and inferior 
implant designs in a clinically relevant way, based on accurately simulated failure 
mechanisms. Thus, the FEA-based pre-clinical test serves its primary goal, which 
is to detect inferior implant designs at a pre-clinical stage. Of course, one should 
realize that every new implant design will eventually have to prove itself in a clinical 
environm ent. New design concepts may introduce new fa ilure  scenarios, not 
detected by the current test. Furthermore, the current test is only applicable to 
cemented designs. Implants using other means of fixation require other pre-clinical 
tests. Taking into account these limitations, the test developed in the present work 
can be of great value. It can be used in the design phase of new implants. It can 
function as a first sieve, filtering out inferior implant designs at a pre-clinical stage, 
thus preventing them from being introduced on the orthopaedic market. The test will 
considerably reduce the risks taken when new implants are used in clinical practice.
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Summary
Despite the success of cemented total hip replacement (THR), high failure rates are 
occas iona lly  reported fo r cem ented hip im plants tha t are in troduced on the 
orthopaedic market. At present, such disasters are exposed by long-term clinical 
studies, involving large groups of patients. Rigorous pre-clinical testing of implants 
could prevent these disasters, by detecting unsafe implant designs at a pre-clinical 
stage. Pre-clinical testing should assess the failure risk of the implant, by testing 
against the most dominant failure scenarios for cemented reconstructions. However, 
at present no dependable pre-clinical tests are available for failure scenarios that 
currently govern failure of cemented hip prostheses. The most common reason for 
revision in cemented THR is aseptic loosening. For the femoral component, which 
this thesis focuses on, aseptic loosening is often related to the damage accumulation 
failure scenario. Repetitive loading of the reconstruction produces creep and the 
accumulation of microcracks (damage) in the bulk cement and along the interfaces, 
leading to im plant m igration and m icrom otion. Subsequently formed abrasive 
particles invoke peri-prosthetic osteolysis, eventually leading to gross loosening of 
the component. Aim ed at developing dependable pre-clin ica l testing methods 
against this failure scenario, an EU-sponsored multinational research project was 
started. The research presented in this thesis was performed in the framework of 
that project, and was aimed at developing a validated pre-clinical test for cemented 
hip prostheses against the damage accum ulation fa ilure  scenario, based on 
computer finite element (FEA) simulation of mechanical failure. The goal was not 
only to develop the FEA simulation itself, but also to set up the testing protocols in 
terms of loading conditions and model specifications, and to validate the FEA-based 
pre-clinical test experimentally and clinically, using data from the other partners 
within the project.
The research presented in this thesis is divided in two sections. Section A is of 
a technological nature and deals with the FEA simulation that is to form the basis 
of the pre-clinical test. It is composed of chapters 2, 3 and 4. Chapter 2 extensively 
describes the mathematical formulations on which the FEA simulation is based. They 
a llow  sim ulation of the m echanical fa ilure  processes involved in the damage 
accumulation scenario: creep and damage accumulation in the cement. In a first 
application, it is shown that tensile fatigue experiments on tubular cement specimens 
can be simulated accurately, in terms of predicted creep elongation and fatigue life. 
In a second one, it is shown how the sim ulation can be used to predict crack 
formation in the cement mantle and implant migration, when applied to FEA models 
of cemented femoral reconstructions. The topic of chapters 3 and 4 is the extent to 
which the FEA predictions depend on the mesh refinement used in the FEA models. 
Chapter 3 shows that peak stresses in a model of a composite structure increase 
with mesh density. A stress concentration lim iter (SCL) is presented: an FEA
algorithm  tha t involves spatial averaging o f the stresses, thereby attenuating 
stresses in regions of high stress gradients. This reduces the mesh-dependence of 
the peak stresses. The am ount of attenuation is controlled by a user-defined 
parameter called the critical distance. In chapter 4 the FEA simulation of mechanical 
failure is used to simulate crack propagation experiments on transverse slices of 
THR reconstructions, using meshes with increasing levels of mesh refinement. It is 
shown that the simulation can accurately predict the location and orientation of a 
crack, independent of the level of mesh refinement adopted. However, the crack 
propagation rate, driven by the mesh-dependent peak stresses, increases with mesh 
density. The SCL is successfully applied to produce crack propagation rates that are 
independent of mesh density. It is shown that the appropriate value of the critical 
distance can be determined from comparison of the FEA and experimental crack 
propagation rates.
Section B is of a medical scientific nature, and is composed of chapters 5 to 9. 
It deals with the development of the FEA simulation into a validated pre-clinical test. 
An important issue for FEA-based pre-clinical testing is whether FEA models of 
cemented THR reconstructions can adequately represent real femoral reconstructions 
in terms of their mechanical behavior. An affirmative answer to this question is given 
in chapter 5. Two FEA models of composite femoral reconstructions with Mueller 
Curved and Lubinus SPII stems are validated relative to experimental bone and 
cement strains, with an overall agreement between numerical and experimental 
strains within 10%. Another important issue is the loading profile that should be used 
in the pre-clinical tests. Chapter 6 discusses the effect of 19 muscle forces acting 
around the hip joint on the load distributions within a cemented femoral reconstruction 
at three phases during the gait cycle. Relative to the iliotibial tract, the vastii and the 
adductors, the abductors have a much more pronounced effect. This suggests that 
a loading configuration including the abductor forces in addition to the hip jo int force 
is adequate for pre-clinical testing of cemented THR reconstructions. Chapter 7 
compares the effect of walking and stair climbing on the damage accumulation 
process in a cemented reconstruction. It is shown that, relative to normal walking, 
sta ir climbing increases the am ount of cement damage and im plant migration 
dramatically, which is attributable to increased torsional loading of the reconstruction. 
Hence, pre-clinical tests should include stair climbing in the loading profile, or an 
ac tiv ity  w ith a s im ila r to rs iona l com ponent. W ith the de fin ition  o f the model 
specifications and the loading profile, the FEA-based pre-clinical testing protocol is 
established. Chapters 8 and 9 describe the final experimental and clinical validation 
of the FEA-based pre-clin ica l test. In chapter 8 experim ental fa tigue tests on 
composite femoral reconstructions with Lubinus SPII and Mueller Curved stems are 
simulated using FEA models that closely represent the experimental reconstructions. 
Relative to the experiments, the FEA-simulation is able to predict accurate cement 
crack distributions and implant migration patterns. More cement damage and higher 
migration values are predicted for the Mueller Curved stem as compared to the 
Lubinus SPII stem. This difference is also observed in the experimental tests. This
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implants in the same way as the experiments, based on accurate simulation of the 
fa ilure mechanisms occurring in real femoral reconstructions. In chapter 9 the 
damage accumulation failure scenario is simulated for four cemented THR implants 
with well-documented differences in clinical survival rates. The implants are the 
Lubinus SPII, the Exeter, the Charnley and the Mueller Curved, with failure rates of 
4%, 5%, 8 % and 13%, respectively, at ten years after surgery, as reported by the 
Swedish Hip Register. The question is whether the simulation can produce a ranking 
of the stems that concurs with a ranking based on clinical survival rates. It is found 
that relative to the predicted amount of cement damage and the characteristic 
cement failure patterns, the simulation correctly predicts the clinical ranking of the 
designs. It is also found that with stem migration as the ranking criterion, the high 
ranking of a force-closed design as the Exeter can not be confirmed. The stem 
migration is in accordance with their design concepts. These findings corroborate 
the use of the FEA simulation for pre-clinical testing purposes.
The work presented in the current thesis can be considered in different ways: 
according to its main goal concerning the development of a pre-clinical testing tool, 
according to its technological accomplishments related to the achievement of this 
goal, and according to its scientific medical implications. To start with the latter, an 
important scientific implication is the confirm ation of the damage accumulation 
failure scenario as an important scenario for failure of the femoral component in 
cemented THR. The failure risk of implants relative to this failure scenario can only 
be detected in FEA simulations that simulate the failure process in a time frame, not 
in static FEA studies. Other important implications are that creep is an important 
factor in the failure process of a cemented THR reconstruction, that implant migration 
values can not be used to differentiate between implants of different designs, and 
that torsional loading is an important factor in failure of cemented hip replacement 
implants. The most important accomplishment of a technological nature was the 
establishm ent of a validated FEA simulation to simulate the mechanical failure 
processes that are involved in the damage accumulation failure scenario. Another 
technological accomplishm ent was the developm ent of a method to reduce the 
m esh-dependence o f p red icted crack propagation rates, by e lim ina ting  the 
m esh-sensitiv ity  o f peak stresses tha t drive th is process. However, the main 
accomplishment of the present work was the establishment of a validated pre-clinical 
testing tool for cemented hip prostheses, based on FEA simulation of the damage 
accumulation failure scenario. This is the first time that an FEA simulation is able 
to differentiate between cemented THR implants with different clinical survival rates 
in a valid and meaningful way, based on accurate simulation of long-term failure 
processes. Inferior implants cause inferior clinical results, and the present work 
shows that these can be detected pre-clinically by means of FEA.
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Samenvatting (Summary in Dutch)
Ondanks het succes van de gecementeerde totale heupvervanging, worden soms 
heupprothesen op de markt gebracht die hoge faa lpercentages produceren. 
Momenteel komen zulke rampen aan het licht via klinische volgstudies, waarbij veel 
patienten betrokken zijn. Deze rampen zouden kunnen worden voorkomen door de 
implantaten pre-klinisch te testen tegen de meest voorkomende faalscenario's voor 
gecementeerde heupreconstructies, om zo inferieure implantaten te detecteren in 
een pre-klinisch stadium. Er bestaat op dit moment geen betrouwbare test tegen 
falen van gecem enteerde reconstructies. In de meeste gevallen is aseptische 
loslating de reden voor revisie van een gecementeerde heupprothese. Voor de 
femorale component, waarop dit proefschrift zich richt, wordt dit veroorzaakt door 
optreden van het 'dam age accum ulation ' faa lscenario. H ierbij le idt cyclische 
belasting van de heupreconstructie  to t kruip en vorm ing van m icroscheurtjes 
(schade) in het cem ent en langs de interfaces, w at resu lteert in m igratie  en 
microbeweging van de prothese. Cement partikels en slijtagedeeltjes leiden tot 
osteolyse op de bot-cement interface, hetgeen uiteindelijk leidt tot het algeheel falen 
van de reconsctructie. Om betrouwbare pre-klinische testen tegen dit faalscenario 
te ontwikkelen is een internationaal project gestart, gesponsord door de EU. In het 
kader van dat project is het hier beschreven onderzoek uitgevoerd. Het doel van het 
onderzoek was het ontw ikkelen van een gevalideerde pre-klin ische tes t voor 
gecementeerde heupprothesen tegen het 'damage accumulation' faalscenario, 
gebaseerd op computer simulatie van de mechanische faalprocessen met behulp 
van de eindige elementen methode (EEM). Het doel was niet alleen het ontwikkelen 
van de computer simulatie zelf, maar ook het opstellen van een test protocol met 
de belastingconfiguratie en de modelspecificaties, en het valideren van de pre­
klinische test tegen klinische en experimentele gegevens.
Het proefschrift is opgedeeld in twee secties. Sectie A is van technologische 
aard, en behandelt de EEM simulatie die de basis vormt voor de pre-klinische test. 
Het bestaat uit de hoofdstukken 2, 3 en 4. Hoofdstuk 2 geeft een beschrijving van 
de w iskund ige  fo rm uleringen w aarop de EEM sim ula tie  is gebaseerd. Deze 
formuleringen maken het mogelijk de mechanische faalprocessen te simuleren die 
een rol spelen in het 'dam age accum ulation ' faa lscenario : kruip en schade- 
accum ulatie in het cement. In een eerste applicatie w ordt aangetoond dat de 
simulatie een goede voorspelling kan geven van de kruiprek en de levensduur van 
cement proefstukjes, zoals die worden gevonden in verm oeiingsexperim enten. 
Daarna w ordt de sim ulatie in een applicatie  toegepast op EEM modellen van 
gecementeerde femorale reconstructies en wordt gedemonstreerd hoe de simulatie 
kan worden gebruikt om scheurvorming in de cement mantel en prothese-migratie 
te voorspellen. Hoofdstukken 3 en 4 behandelen de vraag in hoeverre de EEM 
voorspellingen afhankelijk zijn van de fijnheid van het gebruikte model. Hoofdstuk 3
Sa
m
en
va
tti
ng
 
(s
um
m
ar
y 
in 
Du
tc
h)
Sa
m
en
va
tti
ng
 
(s
um
m
ar
y 
in 
Du
tc
h) laat zien dat de p iekspanningen in een sandw ich-constructie  toenem en met 
toenemende verfijning van de mesh. Het gebruik van 'stress concentration limiter' 
(SCL) wordt getoond: de door EEM voorspelde spanningen worden gemiddeld over 
de ruim te, zoda t spann ingsp ieken w orden a fgev lakt en de p iekspanningen 
onafhankelijk worden van de fijnheid van de mesh. De mate van afvlakking wordt 
bepaald door een parameter genaamd de 'kritische lengte'. In hoofdstuk 4 wordt de 
EEM sim ulatie  gebru ikt om scheurvoortp lan tingsexperim enten te sim uleren, 
uitgevoerd op transversale secties van een gecementeerde femorale reconstructie. 
Hiervoor zijn modellen met toenemende fijnheid gebruikt. De simulatie kan de locatie 
en richting van de cementscheuren nauwkeurig voorspellen, onafhankelijk van het 
gebruikte mesh-dichtheid. Echter, de voortp lantingssnelheid, bepaald door de 
hoogte van de piekspanningen, neemt toe met de fijnheid van het model. De SCL 
wordt succesvol toegepast om de voorspelde voortplantingssnelheid onafhankelijk 
te maken van de fijnheid. Door de voorspelde voortplantingssnelheid te fitten op de 
experimentele snelheid, kan een schatting van de kritische lengte worden gemaakt.
Sectie B is van klinisch wetenschappelijke aard, en beslaat de hoofdstukken 5 
tot en met 9. Het behandelt de ontwikkeling van de EEM simulatie tot een valide pre­
klinische test. Een belangrijke vraag is of EEM modellen van gecem enteerde 
femorale reconstructies een realistisch mechanisch gedrag voorspellen. Dit wordt 
getest in hoofdstuk 5. Twee EEM modellen van femora met gecementeerde Mueller 
Curved en Lubinus SPII prothesen worden succesvol gevalideerd ten opzichte van 
experimentele bot- en cementrekken. Experimentele en EEM rekken komen binnen 
10% overeen, hetgeen aantoont dat het voorspelde mechanisch gedrag realistisch 
is. Een tweede belangrijke vraag is welke belastingconfiguratie  moet worden 
gebruikt in de pre-klinische testen. In hoofdstuk 6 wordt de invloed onderzocht van 
19 heupspieren op de belastingverdeling in een gecementeerde heupreconstructie 
op drie mom enten binnen de loopcyclus. De Ilio tib ia le  band, de vastii en de 
adductoren hebben een relatief kleine invloed in vergelijking met de abductoren. De 
belastingconfiguratie  in een pre-klin ische test kan dus beperkt worden to t de 
heupkracht en de abductorkrachten. Hoofdstuk 7 behandelt de invloed van lopen 
en traplopen op het faalproces in een gecementeerde heupreconstructie. Het laat 
zien dat traplopen leidt tot aanzienlijk meer cementschade en prothesemigratie dan 
gewoon lopen, als gevolg van een verhoogde torsiebelasting. Dit betekent dat 
traplopen, of een activiteit met vergelijkbare torsiebelasting, zou moeten worden 
ges im uleerd in een pre -k lin ische  test. H oofdstukken 8 en 9 behandelen de 
experimentele en klinische validatie van de op EEM gebaseerde pre-klinische test. 
In hoofdstuk 8 worden vermoeiingsexperimenten gesimuleerd, waarin reconstructies 
met gecementeerde Lubinus SPII en Mueller Curved prothesen in composiet-femora 
worden getest. Hierbij wordt gebruik gemaakt van EEM modellen die een dezelfde 
geom etrie  hebben als de experim ente le  reconstructies. V erge lijk ing met de 
experimentele resultaten laat zien dat de scheurvormingspatronen in het cement en 
de migratiepatronen van de prothesen goed worden voorspeld. Meer cementschade 
en meer migratie wordt voorspeld voor de Mueller Curved steel, hetgeen ook in de
experimenten wordt gevonden. Dit impliceert dat de EEM simulatie op dezelfde 
manier onderscheid kan maken tussen prothesen als de experimenten, op basis van 
een realistische voorspelling van faalm echanism en. In hoofdstuk 9 w ordt het 
'damage accumulation' faalscenario gesimuleerd voor gecementeerde reconstructies 
met v ie r verschillende implantaten waarvan de klinische faalpercentages goed 
gedocumenteerd zijn. De prothesen zijn de Lubinus SPII, de Exeter, de Charnley 
en de Mueller Curved, waarvoor in het Zweeds Heup Register faalpercentages 
worden gerapporteerd van respectievelijk 4%, 5%, 8% en 13% na 10 jaar. De vraag 
is of de EEM simulatie een ranking kan produceren die gelijk is aan een ranking 
gebaseerd op klinische faalpercentages. Op basis van de voorspelde hoeveelheid 
cementschade en de karakteristieke faalpatronen, produceren de simulaties een 
ranking die overeen komt met de klinische ranking. Op basis van de voorspelde 
migratiewaarden blijkt het niet mogelijk te zijn de hoge ranking van krachtgesloten 
prothese-ontwerpen, zoals de Exeter, te bevestigen. De voorspelde migratie is in 
overeenkomst met het prothese-ontwerp. De resultaten ondersteunen het gebruik 
van de EEM simulatie in een pre-klinische test.
Het onderzoek in d it p roe fsch rift kan op ve rsch illende  m anieren worden 
beoordeeld: op het hoofddoel om een gevalideerde pre-klinische test te ontwikkelen, 
op de technologische resultaten die gerelateerd zijn aan het behalen van dit doel, 
en op de medisch wetenschappelijke bevindingen. Om met het laatste te beginnen, 
een van de belangrijkste wetenschappelijke resultaten is de bevestiging van het 
'damage accumulation' faalscenario als een belangrijk faalscenario voor de femorale 
com ponent in gecem enteerde heupreconstructies. De gevoelighe id  van een 
implantaat voor het optreden van dit scenario kan alleen worden bepaald door EEM 
simulatie van tijdsafhankelijke faalprocessen, niet door middel van statische EEM 
analysen. Andere belangrijke bevindingen zijn dat kruip een belangrijke factor is in 
het faalproces van gecementeerde heupreconstructies, dat migratiewaarden niet 
kunnen worden gebruikt om te differentieren tussen verschillende heupprothesen, 
en dat torsiebelasting in belangrijke mate bijdraagt aan het falen van gecementeerde 
femorale reconstructies. Het belangrijkste resultaat van technologische aard is een 
gevalideerde EEM sim ulatie waarm ee de mechanische faalprocessen kunnen 
worden gesimuleerd die een belangrijke rol spelen in het 'damage accumulation’ 
faalscenario. Een ander belangrijk technologische resultaat is een methode om 
piekspanningen onafhankelijk te maken van de fijnheid van de gebruikte modellen, 
waardoor tevens de snelheid van het scheurvormingsproces hiervan onafhankelijk 
wordt. Echter, het belangrijkste resultaat van dit werk is een gevalideerde pre­
klinische test voor gecementeerde heupprothesen, gebaseerd op EEM simulatie van 
het 'damage accumulation' faalscenario. Dit is de eerste keer dat een EEM simulatie 
op een valide en zinvolle manier onderscheid kan maken tussen gecementeerde 
heupprothesen met verschillende klinische kwaliteit, op basis van realistische 
voorspellingen van mechanische faalprocessen. Inferieure prothesen leiden tot 
inferieure klinische resultaten, en dit werk laat zien dat zulke prothesen worden 
gedetecteerd met behulp van EEM.
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Sir Isaac Newton (1643-1727) deed ooit de bekende uitspraak richting zijn rivaal en 
tijdgenoot Robert Hooke (1635-1702), bekend vanwege zijn elasticiteitswet: “ If I have 
seen further than others, it is by standing on the shoulders of g iants” . Daarmee 
erkende hij het werk van zijn voorgangers: 'giants' in wetenschappelijke zin, wiens 
werk de basis vormde voor zijn ontdekkingen. In mijn geval is het proefschrift een 
voortzetting op 25 jaa r succesvol onderzoek naar heupim plantaten binnen het 
Orthopaedic Research Lab te Nijmegen. Dus ook ik heb zulke 'giants' gehad. Maar 
daarnaast zijn er ook kanjers geweest die in niet-wetenschappelijke zin hebben 
bijgedragen aan een geslaagde promotieperiode.
Allereerst wil ik mijn copromotor en dagelijks begeleider heel erg bedanken voor zijn 
inzet. Nico, je hebt mijn onderzoek van heel dichtbij gevolgd. Soms zag ik door de 
bomen het bos niet meer, en dan kon ik altijd bij je terecht om de bomen uit het zicht 
te halen. Hierdoor liet je  zien dat je je  lijfspreuk eer aan doet: “Er bestaan geen 
problemen, alleen uitdagingen”. Je hebt de gave om iemand enorm te motiveren 
door middel van een grote betrokkenheid en een grenzenloos enthousiasme. Dat 
uitte zich vooral in de soms dagelijks gestelde vraag: “En? Weet je al wat er uit je 
sommetjes komt?”, waarna ik je  regelmatig teleur moest stellen met het antwoord 
dat de berekeningen nog draaiden. Ik kijk terug op een periode waarin ik met heel 
veel plezier met je  heb samengewerkt.
Dan mijn promotor. Beste Rik, bedankt voor het vertrouwen dat je  in me had. Van 
jou heb ik geleerd hoe belangrijk het is om afstand te nemen tot je  onderzoek, zodat 
je  structuur kunt aanbrengen in je gedachten en je schrijfsels. Je kunt dat ze lf als 
geen ander, hetgeen regelmatig van pas kwam wanneer het onderzoek een nieuwe 
impuls nodig had. Daarnaast heb je vaak een bijdrage geleverd aan mijn publicaties. 
Je dreef me soms tot waanzin met de veel gehoorde uitspraak: “Leuk stukje werk, 
maar kun je het niet wat pakkender opschrijven?”, waarna ik vervolgens weer kon 
gaan broeden op een betere verwoording van mijn hersenspinsels. Blijkbaar moet 
een succesvolle wetenschapper niet alleen een goede onderzoeker zijn, maar ook 
een 'performer'. Ik hoop dat je net als ik vind dat de afgelopen periode 'fruitful' is 
geweest.
Mijn dank gaat natuurlijk ook uit naar andere collega's. Om te beginnen naar Harry, 
Jasper, Esther, Sanne, Marco en Tony. Als (ex)promovendi kennen ju llie  ook het 
klappen van de zweep. Erg plezierig als je dan even stoom kunt afblazen tijdens 
een etentje, een gezellige lunch, of sim pelweg een discussie over statistiek. 
Daarnaast waren congressen met jullie naast interessant ook nog eens erg gezellig. 
Heel erg bedankt.
Willem, Rene, en Huub, ju llie  wil ik bedanken voor de hulp bij ‘ kleine' klusjes op 
experimenteel, software en RSA-gebied. Er werd door jullie altijd snel gehandeld. 
Dit ondanks het feit dat alle andere medewerkers ook aanspraak op jullie maakten 
en regelmatig even een ‘ klein' klusje bij jullie deponeerden.
Ineke, Marlies en Jellien, als secretaresse was ju llie functie vaak tweeledig. Ten 
eerste kon iedereen, waaronder ik, bij ju llie terecht met vragen als : “Kunnen jullie 
even ...?”, of “Weten jullie toevallig....?”. Knap om te zien hoe jullie soms net een 
duizendpoot waren, en toch tijd overhielden voor jullie tweede functie, het voeren 
van relativerende gesprekjes over alledaagse dingen. Ik had soms het gevoel dat 
jullie een club jonge honden in toom hielden.
Ook de stagiaires van de HTS, de UT en de TUE, die ik de afgelopen jaren heb 
begeleid, wil ik bedanken voor hun bijdrage. Sander, Dennis J (2x), Dennis de H, 
Stijn, Rob en Theo, er wordt wel eens gezegd: “De beste wijze om iets te leren is 
om er les in te geven”. Ik hoop dan ook dat jullie net zoveel van mij geleerd hebben 
als ik van jullie.
Daarnaast wil ik alle collega's bedanken die het lab nu bevolken en het in het de 
afgelopen jaren bevolkt hebben. Jullie bijdrage aan de gezelligheid is en was 
onmisbaar voor de plezierige werksfeer op het lab.
A brief word of thanks in English. I want to thank the Irish, German and Italian guys 
whom I cooperated with in the framework of the EU-project. Suzanne, Bruce, John, 
Patrick, Luca, Victor, Michael, Georg B., Georg D., I enjoyed working with you. I hope 
you will agree that the project was successful from several points of view, despite 
the conflicting opinions that were sometimes present. To the Irish in particular, thanks 
fo r the occasional beers. I also w ant to thank Kenneth Mann fo r sharing his 
experimental data, allowing us to further validate our simulations. The contact was 
stimulating, despite the fact that the communication was mostly long-distance.
Femke, jammergenoeg kwam jouw  hulp pas op het laatste moment, maar toch wil 
ik je enorm bedanken voor je advies en tips tijdens het opmaken van de lay-out.
Voordat het tijd is om te gaan drinken, is hier als laatste een speciaal woord voor 
mijn familie op zijn plek. Kees, Suzan, pa en ma, jullie hebben altijd veel interesse 
getoond in wat ik deed, ondanks dat ik soms moeilijk uit kon leggen wat er op het 
werk gaande was. Heel erg bedankt voor de steun die jullie mij hebben geboden, 
zowel op het mentale vlak, als op het praktische vlak. Het was altijd plezierig om 
even de rustgevende thuishaven in Renkum te bezoeken.
Jan Stolk
Nijmegen, 20 november 2002. 189
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Jan Stolk was born on a cold, stormy winter evening on Tuesday February 13th 1973 
in De Lier. In that village, situated in “Het W estland”, a region in the west of The 
Netherlands famous for its greenhouses, he enjoyed a carefree childhood. He went 
to elementary school at the “Prins Willem Alexander School”. At the age of 12 he 
moved eastwards to Renkum. He did secondary school at the “Christelijk Streek 
Lyceum” in Ede, where he passed his final exam in 1991 and received a VWO 
certificate at the age of 18. His special interests were in mathematics and physics, 
particu larly in mechanics. He decided to study mechanical engineering at the 
University of Twente, located in Enschede further eastwards. After three years he 
started with a specialization in biomedical engineering, which allowed him to combine 
his interests in solid mechanics, computational mechanics and biomechanics. In the 
autumn of 1995 he did a traineeship in Oswestry, UK, at the Hip and Knee Unit of 
the RJAH Orthopaedic & District Hospital under supervision of Dr. J.H. Kuiper. The 
project was entitled “The incorporation of the proteoglycan-related osmotic swelling 
pressure in a two-phase finite element model of callus tissue”. In the beginning of 
1996 he started his masters assignment at the Section of Biomedical Engineering 
in the Faculty of Mechanical Engineering at the University of Twente. The assignment 
was carried out under supervision of Prof. H.J. Grootenboer, Dr. H.J.F.M. Koopman 
and Dr. R. Jacobs. The first goal was to falsify a hypothesis describing the strategy 
used by the central nervous system to coordinate the activation of muscles in the 
lower limb during a m otor task; cycling in th is case. The second goal was to 
investigate differences in the way mono and bi-articular muscles generate power, 
and to predict muscle forces using a muscle optimization model. His thesis was 
entitled “Analysis of muscle coordination during cycling”. He received a degree in 
mechanical engineering in August 1996. He decided to pursue a doctoral degree. 
In Decem ber of the same year he started a job  as a ju n io r researcher at the 
Orthopaedic Research Lab of the University of Nijmegen, supervised by Prof. R. 
Huiskes and Dr. N. Verdonschot. The research project, sponsored by the European 
Union, was entitled “Pre-clinical testing of cemented hip replacement implants: Pre- 
norm ative research fo r a European standard (S M T 4-C T96-2076)” . It was a 
multinational project, with contributions of five other European orthopaedic research 
institutes. Within the framework of the project, his job was to develop a validated 
finite element simulation for pre-clinical testing of cemented hip prostheses against 
mechanical failure of cement and interfaces. The outcomes of the research efforts 
are presented in the current thesis.
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